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Freshwater fishes are a crucial component of freshwater ecosystems and play a vital role
in maintaining aquatic ecological balance. China possesses a rich diversity of freshwater
fish resources. Although there has been some research on ecology of Chinese freshwater
fishes, specific mechanisms and quantitative analysis of their conservation status,
particularly the extinction risk of Schizothoracinae, have not been sufficiently explored.
Here, we utilized public datasets to conduct related analysis. The results show 1)
Phylogenetic Isolation Index (PII): among 1591 Chinese freshwater fish species, ten
species exhibiting the highest PII all belong to Nemacheilidae, 2) Threatened Status.
Cyprinidae, which includes 199 threatened species, is the most severely threatened
family, with approximately 28% of its species being at risk. In Schizothoracinae of
Cyprinidae, 54.9% of species are at risk of extinction. Following Cyprinidae, Cobitidae,
and Sisoridae have 53 and 19 threatened species, respectively. Extinction risk of Chinese
freshwater fish is not randomly distributed among families; rather, the numbers of
threatened species observed in these families align closely with expected levels. 3)
Extinction Risk Mechanisms in Schizothoracinae: using Generalized Linear Models
(GLM), we explored the association between multiple characteristics of Schizothoracinae
and their extinction risk. This study represents the first comprehensive integration of the
phylogenetic isolation index (PII), extinction risk non-randomness, and human
disturbance to assess conservation priorities for Chinese freshwater fish. Results show
that areas experiencing intensive human activity tend to have a higher presence of Near
Threatened species, while Endangered species are mainly confined to less disturbed
habitats. Our findings are of significant scientific importance and practical value for
formulating effective conservation strategies for freshwater fishes, as well as for a deeper
understanding of complex interactions within ecosystems.

1. INTRODUCTION Schizothoracinae, a subfamily of Cyprinidae, is endemic
to the rivers and lakes of the Tibetan Plateau and faces a se-
vere conservation crisis, with over half of its species threat-
ened.® Their evolutionary history is deeply intertwined
with the plateau’s dynamic environment.6 As the only
cyprinid group adapted to this extreme setting, they have
evolved specialized traits, including a strong reliance on
rapids and high-gradient river flows (rtheophily).10 This
very adaptation, however, underlies their increased risk of
extinction. Rheophilic species like these are intrinsically
vulnerable because their suitable habitats—rapids—are
naturally fragmented, isolating populations into small, dis-
tinct patches, which leads to significant genetic structuring
and a high susceptibility to demographic and environmen-
tal stochasticity, including bottleneck effects.1l Conse-
quently, their heightened association with environmental

The accelerated loss of biodiversity represents one of the
most formidable challenges humanities currently faces.
Factors such as biological characteristics, environmental
pollution, and other human activities are associated with
increased extinction risk for many species, with some
pushed to the brink of extinction.! However, the risk of ex-
tinction is not uniformly distributed across species.? This
phenomenon, known as ‘non-random extinction’ or extinc-
tion risk selectivity, is observed not only in extant taxa
but also in paleobiological patterns.3 Selective extinction
of specific species accelerates biodiversity loss, potentially
eradicating entire branches of the evolutionary tree along
with their unique evolutionary histories.%5
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conditions, coupled with their fragmented distribution,
makes them ideal model organisms for studying species-
environment correlations and critically important for
maintaining the ecological integrity and biodiversity of the
Tibetan Plateau’s aquatic ecosystems.® China, a nation rich
in biodiversity, has its freshwater ecosystems particularly
under scrutiny. The “China Red List of Biodiversity,” co-
compiled by the Ministry of Ecology and Environment and
the Chinese Academy of Sciences, documents 1,591 species
of freshwater fish (excluding alien species) in China, which
are distributed across 18 orders, 51 families, and 328 gen-
era.12 Yet, influenced by inherent biological characteristics
of freshwater fishes and human activities, these species
face escalating extinction risks.”

Previous studies have revealed the ecological functions
of freshwater fishes. Investigations have ranged from the
biodiversity patterns of the Yangtze River basin!3 to the
calculation of extinction risk indices for endemic species in
the upper Yangtze,!4 and studies on the relationship be-
tween species richness, endemism, and threatened species
in Chinese freshwater fishes.116 The assessment of the
threatened status and causes affecting inland fish, as out-
lined in the Red List,17 the analysis of fish resources in
the Yangtze River basin alongside conservation strategies
for various sections,!® and the systematic examination of
the relationship between species richness, endemic species,
genera, and ecological factors in six plateau lakes in central
Yunnan have all significantly advanced our understanding
of these issues.1®

However, in evaluating the threatened status of freshwa-
ter fish species within China, these studies have not suffi-
ciently accounted for the implications of the Phylogenetic
Isolation Index (PII). PII is a crucial metric that quanti-
fies the phylogenetic distinctiveness of a species, reflect-
ing its evolutionary uniqueness and the extent of its iso-
lation from their closest relatives.!9:20 Species with high
PII values represent a unique genetic and evolutionary his-
tory and are therefore prioritized for conservation to pre-
vent significant biodiversity loss.1? Additionally, while Cao
et al.1” documented threatened species in major families,
they did not quantify phylogenetic uniqueness or test the
statistical significance of extinction risk bias. Our study fills
this gap by quantifying the statistical significance of this
bias and identifying families with anomalously threaten-
ing proportions that were not statistically validated in prior
analyses.

Previous research has quantitatively analyzed the rela-
tionship between biological characteristics and extinction
risk through integrated ecological and conservation ap-
proaches, providing key scientific bases for understanding
the mechanisms of species extinction and formulating sci-
entifically sound conservation measures.2! Despite signifi-
cant progress in this field, the correlation between extinc-
tion risk and biological traits may vary for specific species
and taxonomic groups. For example, endangered birds
threatened by invasive species typically have longer meta-
bolic cycles and larger sizes, while those facing habitat
loss have specialized habitats and smaller sizes 22, Previous
trait-extinction risk analyses (e.g., Xing et al.1%) have fo-
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cused on lowland freshwater fishes, but the drivers of risk
for plateau-adapted groups, such as Schizothoracinae, re-
main unclear. Additionally, PII and HFI have not been in-
tegrated into a unified assessment framework for Chinese
freshwater fishes.

In view of this, our research provides an extensive analy-
sis of the conservation imperatives for Chinese freshwater
fishes by examining their PII and evaluating their vulner-
ability to threats. We focus on using the phylogenetic tree
of Chinese freshwater fishes to explore the PII of these
species, and we analyze whether extinction risks are ran-
domly distributed among them. Additionally, the study me-
thodically quantifies the biological characteristics of the
Schizothoracinae subfamily, aiming to explain potential
connections between these traits and their risk of extinc-
tion. Building upon this foundation, our investigation ex-
tends to incorporate the Human Footprint Index (HFI) 23 in
conjunction with the conservation status classification of
the Schizothoracinae subfamily. This integrative approach
enables a more comprehensive understanding of the inter-
play between human activities and the conservation status
of these species.

Consequently, our study provides quantitative support
for future conservation strategies and management deci-
sions. This study represents the first comprehensive inte-
gration of the phylogenetic isolation index (PII), extinction
risk non-randomness, and human disturbance to assess
conservation priorities for Chinese freshwater fish.

2. MATERIALS AND METHODS

2.1. DATA SOURCES

This study is based on China’s Red List of Biodiversity,12
which provides a comprehensive list of freshwater fish
species in China, along with their assessment levels, com-
piled from a combination of specimens, literature, and ex-
pert information. While the IUCN Red List of Threatened
Species?4 is a widely recognized database, the Chinese Red
List focuses on protected fish in China, providing more lo-
cal and relevant insights into species conservation in the
region. This study also synthesizes information from var-
ious publications, reports, and multiple databases (e.g.,
FishBase,2% Taiwan Fish Database,26 which are instrumen-
tal in exploring the biological characteristics of the
Schizothoracinae subfamily and understanding the rela-
tionship between their habitat features and extinction risk.

2.1.1. PHYLOGENY OF FRESHWATER FISHES FROM
CHINA

In this study, we constructed a phylogenetic tree that en-
compasses all 1,591 species of freshwater fishes from
“China’s Red List of Biodiversity”. This was achieved by uti-
lizing the R package “FishPhyloMaker”,27 which facilitated
the assembly of the phylogenetic structure based on com-
prehensive taxonomic data.

252



Conservation status of Chinese freshwater fishes

2.1.2. COMPILATION OF FRESHWATER FISH SPECIES LIST
AND CLASSIFICATION OF CONSERVATION STATUS

The list assesses the extinction risk of Chinese freshwater
fishes according to the categories and criteria of the IUCN
Red List. In the TUCN Red List, species classified as Crit-
ically Endangered (CR), Endangered (EN), and Vulnerable
(VU) are collectively referred to as threatened species. Of
the 1591 assessed species, 358 are categorized as threat-
ened, while 613 are considered non-threatened. For sub-
sequent quantitative analysis, this study categorizes fresh-
water fish species by conservation status as follows: Least
Concern (LC) = 0, Near Threatened (NT) = 1, Vulnerable
(VU) = 2, Endangered (EN) = 3, Critically Endangered (CR) =
4, Extinct (EX) or Regionally Extinct (RE) = 5.

2.1.3. COLLECTION OF INFORMATION ON
SCHIZOTHORACINAE SUBFAMILY FISH

There are 12 genera and 125 species in the Schizotho-
racinae subfamily.*We collected various information about
Schizothoracinae subfamily,%17 including maximum body
length, dispersal distance, sexual maturity age, egg diam-
eter, initial fry length, spawning quantity, breeding water
temperature, altitude, and geographical coordinates (lati-
tude and longitude).2” Additionally, we quantified several
key biological parameters,!517 such as river flow velocity
(slow = 1, moderate = 2, fast = 3), climate zone (temperate
= 1, subtropical = 2, tropical = 3), diet (omnivorous = 1, car-
nivorous = 2, herbivorous = 3), spawning season (spring/
summer = 1, autumn/winter = 2, summer/autumn = 3), egg
color (light grey = 1, light yellow = 2, yellow = 3, golden
yellow = 4, orange-red = 5), and habitat type (upper/middle
layer = 1, bottom layer = 2, lower/middle layer = 3).

In analyzing the correlation between changes in the Hu-
man Footprint Index (HFI) on the Tibetan Plateau and the
conservation status of the Schizothoracinae subfamily, we
primarily utilized the Tibetan Plateau Human Footprint
dataset from 1990 to 2017.28 This dataset incorporates spa-
tial data that represents various human activities, including
population density, land use, grazing density, night lights,
railways, and roads.

2.2. DATA ANALYSIS
2.2.1. PII OF CHINESE FRESHWATER FISHES

In this study, phylogenetic tree analysis and isolation quan-
tification were conducted in a Python environment. By tra-
versing each leaf node of the phylogenetic tree, which rep-
resents different species, we utilized the distance method
to calculate the distance of each species from the root of
the tree. This distance was used as a metric to measure the
PII of the species.20 To identify species with unique phylo-
genetic characteristics, we sorted the obtained data in de-
scending order of their isolation degree.
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2.2.2. THREATENED STATUS OF CHINESE FRESHWATER
FISHES

In this study, we found that 358 of the 1591 species of
freshwater fishes in China are classified by IUCN as threat-
ened. To conduct an in-depth analysis, we randomly se-
lected 358 species from the total and recorded their tax-
onomic families. This random sampling method provided
us with an approximate inferential means based on the
sample. We performed 10,000 repeat simulations using the
Python programming language to calculate the proportion
of threatened species in each family and plotted a fre-
quency histogram. This histogram was divided into ten
equal intervals, each with a width of 0.1. Since the fre-
quencies in the 0.1-0.5 and 0.5-0.9 intervals were extremely
small or zero, we combined these intervals into one cate-
gory. This frequency histogram shows the predicted distri-
bution of extinction risk. If the extinction risk is randomly
distributed among different families, there should be no
significant difference between observed and expected val-
ues. To test this, we further employed the chi-square test
(x?) to evaluate the results, comparing the calculated chi-
square value (x2) with the degrees of freedom (df) and sig-
nificance level. If the chi-square value is lower than the
critical value, we reject the null hypothesis, indicating a
significant difference between the observed and expected
values. Conversely, if the chi-square value is higher than
the critical value, we reject the null hypothesis, suggesting
a significant difference between observed and expected val-
ues, thus not supporting the hypothesis of random distrib-
ution of extinction risk among families.

Additionally, we used the binomial distribution to de-
termine which families contained anomalously high or low
numbers of threatened species.2? In each family, we as-
sumed that the status of species being threatened was ran-
dom, i.e., in a family containing N species, each species had
the same probability of being threatened. We calculated
the probability of observing the actual number of threat-
ened species in each family under this assumption. If the
probability was less than 0.05, we considered the number
of threatened species in that family to be significantly dif-
ferent from the expected number under the assumption of
randomness.

2.2.3. EXTINCTION RISK OF SCHIZOTHORACINAE
SUBFAMILY

This study aims to investigate the relationship between
species characteristics and the extinction risk of Schizotho-
racinae subfamily fish. We employed a Generalized Linear
Model (GLM) for analysis. First, we categorized the ex-
tinction risk into a binary classification: species classified
as Critically Endangered, Endangered, or Vulnerable were
grouped as threatened species (1), while those categorized
as Near Threatened or Least Concern were considered non-
threatened species (0). In the GLM analysis, extinction risk
was treated as the dependent variable, with other biological
characteristics serving as independent variables.

Then, we utilized the binomial distribution and the logit
link function for data processing and modeled all possible
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combinations of characteristics and their interactions. By
examining the Model Summary, we obtained crucial sta-
tistical information, including coefficient estimates, stan-
dard errors, z-values, and p-values. Finally, we used the
Akaike Information Criterion (AIC) as the basis for model
selection. Additionally, we calculated the AIC value to as-
sess the predictive performance of the model.2? In this
study, we initially considered 62 species of the Schizotho-
racinae subfamily. However, not all species had complete
data for the variables of interest (e.g., body length, disper-
sal distance, spawning quantity, dietary habits). Therefore,
we adopted a complete-case analysis approach, excluding
species for which essential data were lacking for each spe-
cific model. This led to variations in the number of species
included across different models. We acknowledge that this
approach might have implications for the sample size and
could potentially introduce bias into our findings. Hence,
the interpretation of our results was made with careful con-
sideration of these limitations, and we assessed the robust-
ness of our conclusions by examining the consistency of re-
sults across different models.

2.2.4. RELATIONSHIP BETWEEN HFI AND SPECIES
CONSERVATION STATUS

In this study, we focused on analyzing the impact of human
activities in the Tibetan Plateau region on the Schizotho-
racinae subfamily. We assessed the trend of human activity
intensity in this area by calculating changes in the HFI
from 1990 to 2017. After determining the average HFI for
each conservation status category, we conducted a one-
way Analysis of Variance (ANOVA), with conservation sta-
tus categories as the factor and HFI values as the response
variable. This approach allowed us to determine whether
changes in the HFI for species with different conservation
statuses in the Tibetan Plateau exceeded the bounds of ran-
dom variation.

3. RESULTS

3.1. PII ANALYSIS

In this study, we investigated the PII of Chinese freshwater
fishes by analyzing the phylogenetic tree (Figure 1). This
research encompassed 1591 species of Chinese freshwater
fishes, with a focus on those exhibiting significant isolation
on the phylogenetic tree. The results revealed that the top
ten species, i.e., Triplophysa zhenfengensis, T. zhaoi, T. za-
megacephala, T. yaopeizhii, T. yajiangensis, T. xiqiensis, T. xi-
chouensis, T. xichangensis, T. xiangshuingensis, T. wuweien-
sis— with the most pronounced PII-all belong to the
Nemacheilidae family (Figure 2). These high-PII species in
Nemacheilidae have not been prioritized in previous con-
servation lists (e.g., Cao et al.l7), but they represent ir-
replaceable evolutionary lineages, emphasizing the need
to incorporate phylogenetic uniqueness into conservation
planning. This finding highlights the extraordinary phylo-
genetic uniqueness of these species within the Nemacheil-
idae family. The marked PII of these species may indicate
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that they carry unique evolutionary historical information.
Given this, these species should be considered a priority in
biodiversity conservation efforts. Their potential loss im-
plies not just a reduction in species numbers but may also
lead to the irreversible loss of specific evolutionary histo-
ries.

Therefore, from the perspective of biological conserva-
tion and biodiversity maintenance, special attention should
be paid to these species with high PII.

3.2. THREATENED STATUS IN FRESHWATER FISHES

In this study, we observed the proportion of threatened
species across different families through 10,000 repeated
simulations. Our null hypothesis posited that there is no
significant difference between the proportion of threatened
species in each family and the expected values (Figure 3).
Unlike descriptive reports of Cyprinidae’s high endanger-
ment,!” our chi-square test (x% = 10.033, df = 4, p<0.05)
confirms that extinction risk is non-randomly distributed
across families, with 7 families (e.g., Acipenseridae) show-
ing statistically significant overrepresentation of threat-
ened species (binomial test, p<1.72e-04). These findings
provided sufficient grounds to reject the null hypothesis,
leading to the conclusion that the extinction risk faced by
species is not randomly distributed across different fami-
lies but exhibits certain biases. This suggests that species in
certain families may be more susceptible to extinction risk
than those in other families.

To test whether extinction risk is randomly distributed
across families, we conducted a chi-square test (x?>=10.033,
df=4, p<0.05), which rejected the null hypothesis—indicat-
ing that the proportion of threatened species is non-ran-
domly distributed among families (Figure 4). Among all
families, Cyprinidae had the highest number of threatened
species (199 species, 55.59% of all threatened fishes), while
7 small families (e.g., Acipenseridae, Polyodontidae) had a
100% threat proportion (despite small sample sizes of 1-3
species). Furthermore, we calculated the threatened pro-
portion and binomial probability for each family (Table 1)
and conducted independent tests for each. After adjust-
ing the critical values using the Dunn-Sidak method,30 we
found that the critical values at 5% and 1% significance
levels were p< 1.72e-04 and p < 3.36e-05, respectively. A
p-value smaller than these thresholds indicates statistical
significance. No family showed a statistically significant ex-
cess of threatened species (overrepresentation). Notably,
families with small sample sizes (n < 5 species) had low
statistical power, so their 100% threat proportion should
be interpreted as a descriptive pattern rather than statis-
tically validated overrepresentation. These results collec-
tively confirm non-random extinction risk distribution, dri-
ven by both underrepresentation in some families and
extreme proportional threat in small families, rather than
uniform randomness across all taxa.

254



Conservation status of Chinese freshwater fishes

] ——
Figure 1. Phylogenetic tree of freshwater fishes in China
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Figure 5. Parameter Estimation Based on Generalized Linear Model for a Single Factor

3.3. ASSOCIATION BETWEEN ECOLOGICAL AND
BIOLOGICAL CHARACTERISTICS AND EXTINCTION RISK
OF SCHIZOTHORACINAE SUBFAMILY

In this study, we explored the relationship between various
ecological and biological characteristics of the Schizotho-
racinae subfamily fish and their risk of extinction. Notably,
our analysis revealed no statistically significant correla-
tions between biological traits, such as maximum body
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length, egg diameter, and age at sexual maturity, and the
extinction risk of these freshwater fishes. Similarly, habitat
characteristics like breeding water temperature and habitat
altitude also appeared to be uncorrelated with extinction
risk, as depicted in Figures 5 and 6. While these findings are
unexpected, they provide valuable insights into biodiversity
research, suggesting that the determinants of species ex-
tinction risk may be more complex and variable than previ-
ously thought. It seems that a complex interplay of various
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Comparison of AIC Values for Different Models

maximum body length + river flow velocity

maximum body length + spawning quantity

maximum body length + altitude

maximum body length + egg diameter

spawning quantity + initial fry length

river flow velocity + diffusion distance

sexual maturity age + spawning season

Independent Variables

habitat type + diet

altitude + spawning quantity

altitude + climate zone

Altitude + river flow velocity

spawning quantity + diet

Figure 6. Comparison of AIC Values for Different Models

Note: *means significant difference; **means extremely significant difference

biological and environmental factors could be at play, indi-
cating that species extinction risk is a multifaceted issue.

However, it is crucial to acknowledge the limitations of
our study. The absence of significant findings could be at-
tributed to various factors, including potential limitations
in our dataset, such as sample size, or unaccounted vari-
ables that might influence extinction risk. Additionally, the
methods employed may not effectively capture the interac-
tions between different factors.

3.4. ASSOCIATION BETWEEN HFI AND CONSERVATION
STATUS CATEGORIES

We quantitatively assessed the potential impact of human
activities on the conservation status of different species
within the Schizothoracinae subfamily in the Tibetan
Plateau region using the HFI. Our calculations revealed that
species in the Endangered (EN) category had the lowest HFI
mean (u = 0.342542), while Near Threatened (NT) species
exhibited a significantly higher mean HFI (u = 10.3667304).
Vulnerable (VU) species had an intermediate mean HFI (u =
3.464580) (Figure 7). An ANOVA test yielded an F-statistic
of 9.4849 and a p-value of 0.01987, indicating that NT
species are significantly associated with areas of higher hu-
man activity intensity, whereas endangered (EN) species
are predominantly found in areas with lower human dis-
turbance. These patterns suggest differences in the degree
of co-occurrence between species of different conservation
levels and human activities, which may reflect variations in
their ecological niches rather than direct tolerance or sen-
sitivity to disturbance. In contrast, near threatened species
may exhibit a higher degree of co-occurrence with human-
modified environments, which could be attributed to over-
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lapping ecological niches (e.g., broader habitat require-
ments) rather than evidence of adaptive responses to
disturbance (for which temporal or experimental data are
lacking). Furthermore, this finding suggests that in for-
mulating targeted conservation measures, it is essential to
consider the varying responses of species to human ac-
tivities. To more effectively protect these valuable aspects
of biodiversity, further research into the ecological needs
of these species and their adaptability to environmental
changes is crucial.

4. DISCUSSION

4.1. THREATENED STATUS OF FRESHWATER FISHES IN
CHINA

This study investigated the threatened status of Chinese
freshwater fishes, revealing a non-random distribution of
extinction risk across different fish families, which supports
the hypothesis of non-random distribution of extinction
risk.30

Our comparison of simulated and observed data indi-
cates a general alignment of threatened species numbers
across families with the simulated predictions, suggesting
that our simulation approach has a degree of reliability in
predicting extinction risk. While simulations cannot repli-
cate reality with complete accuracy, they provide valuable
insights for assessing and comparing the vulnerability of
species. It is noteworthy that species within the Cyprinidae
family are particularly vulnerable to threats, indicating the
non-randomness of the distribution of threatened species
in Chinese freshwater fishes and its significant correlation
with specific families. The Schizothoracinae subfamily
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Table 1. Proportions of threatened species and binomial probabilities across different families (Note: *means
significant difference; **means extremely significant difference)

Family Number of Number of Threatened Proportion Binomial
Species Species Threatened Probability

Dasyatidae 1 0 0.00 0.7750
Petromyzontidae 3 2 0.67 0.1177
Acipenseridae 6 6 1.00 0.0001**
Polyodontidae 1 1 1.00 0.2250
Anguillidae 4 2 0.50 0.1824
Clupeidae 1 1 1.00 0.2250
Engraulidae 3 0 0.00 0.4655
Cyprinidae 719 199 0.28 0.0002**
Psilorhynchidae 1 1 1.00 0.2250
Gyrinocheilidae 1 1 1.00 0.2250
Catostomidae 1 1 1.00 0.2250
Nemacheilidae 282 53 0.19 0.0191*
Cobitidae 52 3 0.06 0.0009**
Botiidae 41 7 0.17 0.1131
Balitoridae 43 11 0.26 0.1234
Gastromyzontidae 62 4 0.06 0.0005**
Akysidae 2 1 0.50 0.3488
Amblycipitidae 14 [} 0.43 0.0507
Bagridae 42 3 0.07 0.0063*
Clariidae 1 0 0.00 0.7750
Cranoglanididae 3 2 0.67 0.1177
Heteropneustidae 1 0 0.00 0.7750
Pangasiidae 5 4 0.80 0.0099**
Schilbeidae 3 0 0.00 0.4655
Siluridae 16 5 0.31 0.1526
Sisoridae 85 19 0.22 0.1033
Esocidae 2 0 0.00 0.6006
Osmeridae 0 0.00 0.4655
Plecoglossidae 1 1 1.00 0.2250
Salangidae 7 1 0.29 0.2972
Salmonidae 18 2 0.50 0.0072**
Cottidae 7 9 0.29 0.2972
Lotidae 2 2 0.00 0.6006
Hemiramphidae 3 0 0.00 0.4655
Adrianichthyidae 5 0 0.00 0.2796
Belonidae 2 0 0.00 0.6006
Gasterosteidae 3 0 0.00 0.4655
Synbranchidae 2 0 0.00 0.6006
Mastacembelidae 7 0 0.00 0.1679
Sinipercidae 13 0 0.00 0.0364*
Percidae 2 1 0.50 0.3488
Badidae 0 0.00 0.7750
Rhyacichthyidae 1 0 0.00 0.7750
Odontobutidae 11 3 0.27 0.2446
Eleotridae 7 0 0.00 0.1679
Gobiidae 84 7 0.08 0.0004
Anabantidae 1 0 0.00 0.7750
Belontiidae 2 0 0.00 0.6006
Channidae 8 0 0.00 0.1301
Tetraodontidae 5 0 0.00 0.2796
Cynoglossidae 1 0 0.00 0.7750
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within Cyprinidae exhibits a marked vulnerability, likely
linked to their unique distribution in the special aquatic
environments of the Tibetan Plateau. The association of
Schizothoracinae with the unique environmental condi-
tions of the Tibetan Plateau is correlated with a higher ex-
tinction risk, and their distinct life history traits are as-
sociated with greater vulnerability to environmental and
anthropogenic stressors (although causal links cannot be
confirmed with observational data).

We also observe a disproportionately high threat ratio
in families with fewer species, such as Acipenseridae, Poly-
odontidae, Clupeidae, Psilorhynchidae, Gyrinocheilidae,
Catostomidae, Plecoglossidae, and Lotidae. This non-ran-
dom distribution of extinction risk may relate to shared
vulnerability traits or characteristics within these families,
potentially stemming from evolutionary constraints, nat-
ural selection, and environmental pressures. For instance,
genetic constraints might reduce some species’ adaptability
to environmental changes,3! while natural selection could
make others more competitive in specific environments but
also more sensitive to environmental fluctuations. Addi-
tionally, human activities, including habitat destruction,
overfishing, and water pollution, exert extra pressure on
these vulnerable species.

This study confirms that extinction risk among Chinese
freshwater fish families is non-randomly distributed (chi-
square test, p<0.05), characterized by uneven proportions
of threatened species across taxa: large families (e.g.,
Cyprinidae) have high absolute numbers of threatened
species, while small families (e.g., Acipenseridae) show ex-
treme proportional threat (100%)—though the latter re-
quires cautious interpretation due to low statistical power.
No family exhibited statistically significant overrepresenta-
tion of threatened species, but the overall uneven distribu-
tion of risk supports the hypothesis of non-random extinc-
tion, highlighting the need for family-specific conservation
strategies.

It’s important to note that the statistical power of bi-
nomial tests is generally lower for families with fewer
species.32 This may largely explain why some families with
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fewer species face higher risks of extinction, yet these risks
are not statistically significant. Despite their limited num-
bers, these species may possess unique biological charac-
teristics and adaptive strategies. Their extinction could lead
to a disproportionate loss of fish biodiversity.33 Therefore,
conservation efforts should not only focus on families with
numerous species but should encompass all species to en-
sure the diversity and ecological functions of the entire fish
community are maintained.

4.2. EXTINCTION RISK MECHANISMS IN THE
SCHIZOTHORACINAE SUBFAMILY

This study aims to explore the association between the bi-
ological characteristics of the Schizothoracinae subfamily
and their extinction risk. Integrating analyses of biological
traits like maximum body length, egg diameter, and age of
sexual maturity, along with habitat characteristics such as
breeding water temperature and habitat altitude, we find no
direct correlation between these traits and the extinction
risk of Schizothoracinae subfamily species.

Conventional wisdom suggests larger body size as a vul-
nerability,3 as highlighted by Reynolds et al.,3* who noted
the higher extinction risk in large vertebrates. However, our
results indicate a possible weakening of this correlation in
Schizothoracinae subfamily species, with body length not
being the sole factor influencing extinction risk. In fresh-
water environments, smaller fish may be more dependent
on specific habitat conditions and resources. Their shorter
bodies, limited movement range, and lower dispersal ability
make them more vulnerable to habitat loss or fragmenta-
tion. Larger fish, on the other hand, have a wider ecologi-
cal niche and resource utilization capacity. Under the threat
of invasive alien species, they may become more vulnera-
ble targets for predators or human overfishing.3> However,
this is not always the case, as illustrated by the larger dis-
tribution and higher dispersal ability of the smaller Mis-
gurnus anguillicaudatus compared to the larger Acipenser
dabryanus.

Overemphasis on a single trait can overlook the com-
plexity of an ecosystem. The lack of single-trait correlations
with extinction risk in Schizothoracinae challenges the
generality of traditional trait-based models.3 For plateau-
adapted fishes, traits such as body length may be co-
adapted with environmental factors (e.g., high-altitude
temperature fluctuations) and human disturbances (e.g.,
habitat fragmentation), resulting in complex, non-linear
effects that single-variable analyses cannot capture. This
finding suggests that future studies should integrate multi-
trait interactions and landscape-level factors. For some
larger freshwater fish species, such as the Acipenser baerii,
it takes longer to reach sexual maturity, thereby increasing
the risk of being caught before breeding.35 Still, these large
fish live longer and can reproduce for many years after
reaching maturity. Theoretically, larger freshwater fishes
might have more opportunities for reproduction, but the
reality is often more complex. For instance, Acipenser baerii
faces numerous challenges from human activities even af-
ter reaching maturity. Human activities such as damming
have seriously hindered migration routes, resulting in the
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loss of spawning grounds.3¢ Particularly, low river levels in
spring lead to mass mortality of eggs and juveniles, exac-
erbating population declines. Therefore, focusing too much
on a single trait may overlook the complexity of the ecosys-
tem. In considering the extinction risk of Schizothoracinae
subfamily species, it is crucial to consider both their unique
biological traits and the impact of human activities.3”

Schizothoracinae subfamily species, as indicator organ-
isms in the Tibetan Plateau, may exhibit unique responses
to environmental changes. Our results are different from
the traditional view,> suggesting that Schizothoracinae
subfamily has a complex ecological response mechanism
to environmental stress. For example, some smaller
Schizothoracinae subfamily species might maintain a
smaller body size to minimize energy loss, better adapting
to temperature fluctuations in high-altitude environments.

This suggests that the response of Schizothoracinae to
environmental change is not just a single trait, but involves
a more complex ecological response mechanism. Through
the study of multidimensional traits, we recognize the po-
tential non-linear and complex interactions among traits
like body length, breeding water temperature, and diet in
different habitats, affecting their response to external pres-
sures.

We acknowledge a key limitation of this study: the ob-
servational, cross-sectional nature of the data prevents us
from inferring causal relationships. All correlations re-
ported (e.g., between HFI and conservation status, or be-
tween traits and extinction risk) reflect associative patterns
rather than direct cause-effect links. For example, the
higher prevalence of NT species in high-HFI areas could re-
sult from: (1) human activities modifying habitats in ways
that favor NT species; (2) NT species inherently occupying
habitats that are more likely to be disturbed by humans;
or (3) unmeasured confounding factors (e.g., habitat avail-
ability, climate suitability). Similarly, the lack of significant
trait-extinction risk correlations does not rule out causal
effects—instead, it may reflect the complexity of multi-fac-
tor interactions or limitations in capturing temporal dy-
namics. Future studies incorporating long-term temporal
data (e.g., tracking HFI and species status changes over
decades) or experimental designs (e.g., controlled distur-
bance experiments) would be necessary to test causal hy-
potheses about the drivers of extinction risk in Chinese
freshwater fishes.

A further limitation is the low statistical power of bino-
mial tests for small families (n<5 species). While these fam-
ilies show extreme threat proportions (e.g., 100% threat-
ened), we cannot rule out the influence of random variation
due to small sample sizes. Future studies with expanded
datasets (e.g., including more populations or closely related
species) may improve statistical power for these taxa. Ad-
ditionally, our focus on family-level patterns may mask
genus- or species-specific vulnerability, which could be ex-
plored in future analyses.

Although the current study has not fully captured the in-
tricate interactions between the various factors, adopting a
comprehensive and in-depth research approach is essential
to fully understand the multifaceted impacts on extinction
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risk. This study aims to explore the correlation between
the HFI and the conservation status of the Schizothoraci-
nae subfamily. We discovered significant differences in the
tolerance of species at different conservation levels to hu-
man activities. In interpreting the relationship between the
conservation status of Schizothoracinae and changes in hu-
man activities, we considered two prevailing hypotheses:
the Threat Hypothesis38 and the Refuge Hypothesis.3? The
Threat Hypothesis suggests that with intensified land use,
the proportion of certain species may increase. This aligns
with our observations of near threatened species, which ap-
pear to exhibit a degree of adaptability or tolerance to hu-
man impacts. This implies that while the increase in hu-
man activities poses threats to some species, it may also
provide opportunities for adaptation and expansion for oth-
ers. Conversely, the Refuge Hypothesis posits that certain
species may seek refuges in areas with less human activity,
leading to a negative correlation between the proportion of
endangered species and land-use intensity.4? This is con-
sistent with our findings that endangered species are ex-
tremely sensitive to environmental changes and are pre-
dominantly found in areas with less human disturbance.
Our results support both the Threat and Refuge Hypothe-
ses, revealing the complex impact of human activities on
species with different conservation statuses. These findings
are crucial for formulating effective species conservation
strategies, especially when considering the diverse impacts
of human activities on ecosystems.

Our study builds upon previous assessments®!%17 by in-
tegrating phylogenetic uniqueness, statistical validation of
extinction risk bias, and the effects of human disturbance.
The identification of high-PII species, non-random threat
distribution, and divergent species responses to HFI pro-
vides a more holistic framework for freshwater fish conser-
vation in China. The non-significant trait-risk correlations
highlight the need to rethink extinction risk drivers for ex-
tremophile groups, offering new directions for future re-
search on plateau aquatic ecosystems. In conclusion, while
our study makes valuable contributions to the understand-
ing of species extinction risk, the complexity of ecological
systems necessitates a cautious interpretation of these
findings. We recommend adopting a comprehensive ap-
proach in future biodiversity research, encompassing a
broader spectrum of variables and more nuanced analytical
methods, to fully unravel the complexity of factors influ-
encing species extinction risk.
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