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ABSTRACT

The Nu-Salween River represents the second-longest river
and  one  of  the  last  major  free-flowing  systems  in
Southeast Asia, constituting a globally significant reservoir
of freshwater biodiversity. However, basin-wide patterns of
fish  diversity  across  taxonomic,  phylogenetic,  and
functional  dimensions,  together  with  weighted  endemism,
remain  poorly  understood,  and  the  environmental
determinants shaping these patterns are not well resolved.
To  address  this  limitation,  a  basin-scale  analysis  was
conducted using 26 998 georeferenced occurrence records
encompassing  445  native  freshwater  fish  species
distributed  across  382  subdrainages.  Species  richness,
phylogenetic  diversity,  functional  diversity,  and  weighted
endemicity  exhibited  unexpected  bimodal  distributions
along the longitudinal gradient, revealing two distinct peaks
from  headwaters  to  downstream  reaches.  Climatic  and
geographic  gradients  emerged  as  dominant  drivers  of
spatial structure. Mean annual air temperature, distance to
river mouth, elevation, and net primary productivity exerted
strong  influences  on  both  species  richness  and
phylogenetic  diversity.  Functional  diversity  increased
primarily  with  mean  annual  air  temperature  and  annual
total  precipitation,  whereas  weighted  endemicity  declined
with  increasing  subdrainage  area.  Although  the  conflicts
between  anthropogenic  disturbances  and  fish  diversity

patterns  were  weak,  protection  coverage  across  priority
areas  identified  for  different  diversity  facets  remained
critically  low,  ranging  from  0.1%  to  15.9%.  Divergent
spatial  configurations  among  diversity  dimensions,
combined  with  inadequate  representation  within  existing
protected-area networks, highlight an urgent need for more
targeted  and  context-specific  conservation  strategies.
Effective  management  strategies  must  consider  the
atypical bimodal longitudinal structure of fish diversity and
the  multidimensional  relationships  among  diversity  facets
to  sustain  ecosystem  function  and  resilience  under
intensifying anthropogenic pressure.
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 INTRODUCTION

Freshwater  fish  are  foundational  components  of  inland  water
ecosystems,  sustaining  ecological  integrity  while
simultaneously  providing  essential  resources  for  human
sustenance  and  livelihood  (Feio  et al.,  2023; Su  et al.,  2021;
Villéger  et al.,  2017).  With  more  than  18  000  described
species  worldwide,  freshwater  fish  account  for  nearly  half  of
global  fish  diversity  and  more  than  one  quarter  of  all
vertebrates  (Dudgeon  et al.,  2006;  Froese  &  Pauly,  2024).
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Distributed  across  all  major  trophic  positions,  these  taxa
mediate  interactions  among  producers,  consumers,  and
decomposers,  thereby  regulating  nutrient  cycling,  biomass
transfer,  and  energy  flux  within  and  across  aquatic
ecosystems (Villéger et al., 2017). Beyond ecological function,
freshwater  fisheries  represent  a  significant  component  of
global fish production and constitute a critical source of dietary
protein for millions of people (FAO, 2024).
Despite  their  ecological  and  socioeconomic  importance,

freshwater  fish  assemblages  are  undergoing  accelerating
degradation  under  multiple  anthropogenic  impacts,  including
overexploitation,  pollution,  hydropower  development,
biological  invasions,  and  climate  change  (Arthington  et al.,
2016;  Cheng  et al.,  2025;  Ji  et al.,  2025;  Su  et al.,  2021;
Tickner  et al.,  2020;  Wang  et al.,  2025a).  These  stressors
have  precipitated  rapid  fish  population  declines  and
widespread erosion of biodiversity (Su et al., 2021; Tao et al.,
2023b),  making  freshwater  fish  among  the  most  threatened
vertebrate  groups,  with  extinction  risks  exceeding  those
documented for many terrestrial taxa (Su et al., 2021; Tickner
et al.,  2020).  Large  river  systems  are  particularly  vulnerable,
as  hydrological  modification,  the  introduction  of  non-native
species,  and  overexploitation  of  native  fauna  collectively
restructure habitat connectivity and ecological processes (Grill
et al.,  2019;  Su  et al.,  2021;  Wang  et al.,  2023).  This
vulnerability is especially concerning in Asia, where extensive
dam  construction,  chronic  overharvesting,  and  biological
invasions have profoundly transformed freshwater ecosystems
(Arthington  et al.,  2016;  Dudgeon  et al.,  2006;  Grill  et al.,
2019).  Consequently,  freshwater  fish  assemblages  in  Asia,
together  with  the  ecosystem  functions  they  sustain,  rank
among the most imperiled globally (Tickner et al., 2020).
Halting the rapid decline in freshwater fish diversity requires

a  mechanistic  understanding  of  spatial  distribution  patterns
and  the  environmental  gradients  that  drive  them  (Brumm
et al.,  2021; Côte et al.,  2023).  Such knowledge provides the
foundation  for  high-resolution  distribution  mapping,
quantitative  assessment  of  spatial  overlap  between
biodiversity and anthropogenic disturbances, and identification
of  underprotected  regions  within  conservation  networks  (Tao
et al., 2023b). Existing research has documented broad-scale
diversity  gradients  in  freshwater  fish  and  their  relationships
with environmental variables (He et al., 2020; Oberdorff et al.,
2011; Tao et al.,  2023b),  revealing the combined influence of
historical  contingencies  and  contemporary  environmental
constraints.  These  patterns  are  consistent  with  the  “Area”
hypothesis,  emphasizing  spatial  extent  and  environmental
heterogeneity,  and the “Energy” hypothesis,  underscoring the
role  of  climate  and  ecosystem  productivity  in  shaping
biodiversity distributions (Field et al., 2009; He et al., 2020).
Despite  these  advances,  investigations  in  large  river

systems  have  predominantly  focused  on  taxonomic  metrics,
such  as  species  richness,  while  largely  neglecting
phylogenetic  and  functional  diversity  dimensions,  which
underpin  the  mechanistic  relationships  between diversity  and
eco-evolutionary processes (Côte et al., 2023; Oberdorff et al.,
2011).  Phylogenetic  diversity  quantifies  the  evolutionary
relationships among co-occurring taxa and is often correlated
with  patterns  of  resource  utilization,  lineage  divergence,
historical  diversification  processes,  and  potential  adaptive
capacity  under  environmental  change  (Faith,  1992).
Functional  diversity  represents  an  array  of  distinctive
morphological,  physiological,  and  ecological  traits  within
assemblages, thereby underpinning the functional architecture

that  governs  ecosystem  processes  and  resilience  (Cadotte
et al., 2011). Integrating these complementary dimensions can
provide insights that extend beyond taxonomic diversity, which
is  crucial  for  understanding  the  functionality  and  stability  of
ecosystems  in  response  to  shifting  environmental  regimes
(Cadotte  et al.,  2011;  Gagic  et al.,  2015;  Song  et al.,  2020).
Nevertheless,  comprehensive  analyses  that  jointly  explore
multiple facets of fish diversity and their environmental drivers
in large river systems remain scarce (Brumm et al., 2021).
The Nu-Salween (Thanlwin) River, the second-longest river

and  one  of  the  last  major  free-flowing  systems  in  Southeast
Asia,  represents  a  globally  significant  stronghold  for
freshwater  biodiversity  due  to  limited  fragmentation  and
comparatively  low  levels  of  anthropogenic  disturbance  (Ding
et al.,  2023;  Grill  et al.,  2019;  Tao  et al.,  2023a).  The  basin
supports  an  exceptionally  diverse  ichthyofauna,  likely
exceeding 400 freshwater species, and functions as a regional
refuge  for  taxa  extirpated  from  many  heavily  altered  rivers
elsewhere  in  Asia  (Ding  et al.,  2023;  Tao  et al.,  2023a).  The
longitudinal  integrity  of  this  megariver  also provides a  unique
opportunity  to  investigate  fish  assemblages  along  the  entire
upstream-downstream  continuum  within  an  Asian  context.
Despite its global conservation significance (Ding et al., 2023),
the  Nu-Salween  River  faces  imminent  threats  from
prospective hydropower development and intensifying human
activities,  underscoring  the  urgency  of  resolving  spatial
biodiversity  patterns  and  their  environmental  drivers  (Ding
et al., 2023; Tao et al., 2023a; Yang et al., 2022).
Here, a comprehensive occurrence database for freshwater

fish  in  the  Nu-Salween  River  was  assembled  through
extensive  long-term  field  surveys  combined  with  systematic
integration  of  multiple  data  sources.  This  synthesis  enabled
high-resolution  mapping  of  fish  diversity  across  the  basin,
providing  a  quantitative  basis  for  evaluating  spatial
correspondence  between  biodiversity  and  anthropogenic
pressures  and  for  identifying  conservation  gaps  (Tao  et al.,
2023b).  Diversity  was  characterized  using  complementary
facets,  including  species  richness,  functional  diversity
reflecting  trait-based  ecological  roles,  and  phylogenetic
diversity  capturing  evolutionary  history  or  adaptive  potential
under  environmental  change  (Brun  et al.,  2019;  Pimiento
et al.,  2020).  Spatial  patterns,  cross-facet  congruences,  and
underlying  environmental  drivers  were  analyzed  across  the
entire  basin.  Conflicts  between  diversity  patterns  and
anthropogenic  disturbances  were  subsequently  assessed  to
detect conservation gaps. Integration of taxonomic, functional,
and  phylogenetic  dimensions  enables  a  mechanistic
evaluation  of  eco-evolutionary  processes  shaping
contemporary  fish  assemblages  and  allows  explicit  testing  of
competing  explanations  for  spatial  diversity  structure.  Given
the  comparatively  moderate  economic  development  and
human  population  density  within  the  basin,  limited  spatial
correspondence  between  biodiversity  hotspots  and
anthropogenic  disturbance  was  anticipated.  This  study  not
only  deepens  our  understanding  of  environmental  gradients
governing  multidimensional  fish  diversity  but  also  establishes
an analytical framework for conserving the multifaceted value
of  freshwater  diversity  and  sustaining  ecological  integrity  in
large river ecosystems, particularly the Nu-Salween River, the
longest free-flowing megariver in Southeast Asia.

 MATERIALS AND METHODS

 Study area
The  Nu-Salween  River  originates  in  the  Tanggula  Mountains
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on  the  Qinghai-Xizang  Plateau  and  flows  through  China,
Myanmar, and Thailand before discharging into the Andaman
Sea in southern Myanmar (Figure 1). Extending approximately
3  200  km  with  a  drainage  area  of  325  000  km2  and  an
elevation  range  of  over  6  000  m,  the  basin  encompasses
pronounced  geomorphological  heterogeneity,  including  high-
elevation  plateaus,  deeply  incised  mountain  valleys,  and
lowland  plains.  The  climate  is  influenced  by  mid-latitude
westerlies  and  the  Asian  monsoon  system,  generating
substantial  spatial  variability  in  temperature  and precipitation.
Mean  annual  temperatures  range  from  –10°C  to  25°C,  and
annual precipitation varies from 400 to 4 800 mm (FAO, 2011;
Myers  et al.,  2000;  Yang  et al.,  2022).  This  environmental

complexity  sustains  high  biological  diversity,  including  more
than 350 freshwater fish species, 31 of which are endemic, as
well  as  several  threatened  taxa  such  as  the  mottled  eel
(Anguilla nebulosa) and goonch (Bagarius bagarius).
Approximately  10  million  people  inhabit  the  basin,  with

population  centers  concentrated  in  the  agriculturally
productive  delta  floodplain,  where  livelihoods  rely  heavily  on
agriculture  and  fishing  (Grill  et al.,  2019;  Johnston  et al.,
2017).  However,  ongoing  demographic  expansion  and
regional  economic  development  are  intensifying
anthropogenic  pressures  across  the  drainage  network.
Alterations  in  fish  assemblage  composition  have  been
associated  with  the  introduction  of  non-native  species,

 

Figure 1  Distribution of freshwater fish occurrence points in the Nu-Salween River basin

Occurrence points consist of survey-based records and expert-inferred records. Red area in inset indicates the Nu-Salween River basin.
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including the Nile tilapia (Oreochromis niloticus)  and Chinese
false  gudgeon  (Abbottina  rivularis),  released  to  enhance
fisheries  production  (Yang  et al.,  2022).  Furthermore,  20
hydropower  projects  proposed  along  the  mainstem  pose
substantial  risks  to  longitudinal  connectivity,  habitat  integrity,
and migratory  pathways.  Combined with  persistent  stressors,
such  as  overfishing,  pollution,  and  climate  change,  these
emerging  drivers  threaten  fishery  resources  and  undermine
biodiversity across the basin (Tao et al., 2023a).

 Fish-occurrence dataset
Although  the  Nu-Salween  basin  is  recognized  as  a  global
biodiversity  hotspot  (Myers  et al.,  2000),  basin-wide
ichthyological  surveys  remain  fragmented  and  spatially
uneven  (Ding  et al.,  2023).  To  address  this  limitation,
comprehensive  occurrence  data  for  native  freshwater  fish
species  in  the  Nu-Salween  River  were  compiled  through
integration  of  extensive  long-term  field  records  (Ding  et al.,
2019,  2023;  Ji  et al.,  2022;  Tao  et al.,  2023b;  Yang  et al.,
2022)  and  systematically  extracted  records  from  published
literature  and  authoritative  databases.  The  dataset  included
strictly  freshwater  taxa  and  diadromous  species  that  depend
on  freshwater  habitats  for  growth  or  reproduction,  such  as
anguillid eels. Literature searches were conducted across the
Web  of  Science  (WoS,  https://www.webofscience.com),
Scopus  (https://www.scopus.com),  and  Chinese  National
Knowledge  Infrastructure  (CNKI,  https://www.cnki.net)
databases,  supplemented  by  relevant  books,  technical
reports, and global repositories, including FishBase (Froese &
Pauly,  2024,  https://www.fishbase.se),  the Global  Biodiversity
Information  Facility  (GBIF,  https://www.gbif.org),  and  the
International  Union  for  the  Conservation  of  Nature  (IUCN,
https://www.iucnredlist.org).  The  search  encompassed
publications  from  1900  through  August  2023.  Screening  and
data  extraction  followed  the  Preferred  Reporting  Items  for
Systematic  Reviews  and  Meta-Analysis  (PRISMA)  guidelines
(Page  et al.,  2021;  Supplementary  Figure  S1).  Sources
contributing  occurrence  data  are  listed  in  Supplementary
Table S1.
Occurrence  records  comprised  two  categories:  survey-

based  records  and  expert-inferred  records.  Survey-based
records  included  specific  sampling  georeferenced  locations
with  associated  temporal  information,  extracted  from  text,
tables,  figures,  supporting  materials,  and  online  databases.
These  data  were  curated  by  removing  duplicate  entries,
spatial outliers, and records with geographic uncertainty using
the  R  package  CoordinateCleaner  v.3.0  (Zizka  et al.,  2019).
Expert-inferred  records  were  generated  from  estimated
species  distribution  polygons  available  through  the  IUCN
database  to  address  spatial  gaps  in  survey  coverage.
Distribution  polygons  were  first  intersected  with  subdrainage
boundaries,  and  centroids  of  the  overlapping  subdrainages
were  designated  as  candidate  expert-inferred  records.  The
basin was partitioned into 382 subdrainages corresponding to
level-8  hydrographic  units  in  HydroBASINS  (Lehner  &  Grill,
2013). Candidate records were retained only when consistent
with  documented  climatic  zones  and  habitat  types,  including
freshwater  and  brackish  systems,  as  described  in  FishBase.
For  a  limited  number  of  species  documented in  the  literature
as  distributed  in  the  Nu-Salween  River  but  lacking  survey
points  or  estimated distribution ranges,  occurrence data  from
their closest phylogenetic relatives were used as proxies. This
integrative  approach,  combining  survey  data,  distribution
modeling,  and  taxonomic  inference,  has  demonstrated

effectiveness  for  high-resolution  diversity  mapping  in  large
river systems (Tao et al., 2023b).
To  exclude  invalid  species  and  synonyms,  taxonomic

validation  was  conducted  by  cross-referencing  all  species
names  with  Eschmeyer’s  Catalog  of  Fishes  (Fricke  et al.,
2023).  Conservation  status  was  assigned  according  to  the
nine  IUCN  Red  List  categories:  Extinct  (EX),  Extinct  in  the
Wild  (EW),  Critically  Endangered  (CR),  Endangered  (EN),
Vulnerable (VU), Near Threatened (NT), Least Concern (LC),
Data  Deficient  (DD),  and  Not  Evaluated  (NE).  Species
categorized  as  CR,  EN,  or  VU were  classified  as  threatened
taxa for subsequent analyses.

 Functional traits and phylogenetic tree
Functional diversity was quantified using 11 traits representing
key ecological  functions related to trophic ecology,  locomotor
performance, and habitat use (Villéger et al., 2017). Nine traits
described  external  morphology,  including  body  elongation
(Bel),  vertical  eye position (Vep),  relative eye size (Res),  oral
gape  position  (Ogp),  relative  maxillary  length  (RMl),  body
lateral  shape  (BLs),  pectoral  fin  vertical  position  (PFv),
pectoral  fin  size  (PFs),  and  caudal  peduncle  throttling  (CPt).
Morphological  data  were  preferentially  extracted  from  the
FISHMORPH  database  (Brosse  et al.,  2021).  For  species
lacking  database  records,  measurements  were  derived  from
standardized  lateral-view  illustrations  or  high-resolution
images  of  adult  individuals  obtained  from  gray  literature,
monographs,  and  curated  online  repositories.  Two  additional
ecological traits, maximum body length (MBl) and trophic level
(TL), were sourced from FishBase.
For  66  species  (14.8%  of  445  taxa)  with  incomplete  trait

information, missing values were estimated through imputation
informed by available trait data and phylogenetic relationships
(Rabosky  et al.,  2018).  Phylogenetic  relationships  among
species  were  reconstructed  by  generating  a  basin-level  tree
using  the  ggtree  v.1.4.11  and  ggtreeextra  v.1.0.3  packages
(Xu  et al.,  2021;  Yu  et al.,  2017).  Species  absent  from  the
global  mega-tree  framework  (210  of  445  taxa)  were
incorporated  using  FishPhyloMaker  based  on  genus-  and
family-level placement (Nakamura et al., 2021; Rabosky et al.,
2018).  The  resulting  phylogeny,  combined  with  species
composition data across subdrainages, was used to calculate
phylogenetic diversity indices.

 Environmental factor dataset
To  identify  key  drivers  influencing  fish  diversity  patterns,
environmental  variables  representing  climatic,  geographic,
hydrological, and biological conditions were assembled. These
predictors are widely applied in macroecological analyses and
play significant roles in shaping large-scale patterns of aquatic
biodiversity  (He  et al.,  2020).  A  total  of  12  environmental
variables  were  initially  compiled  for  each  of  the  382
subdrainages:  longitude,  latitude,  mean  annual  air
temperature, mean annual total precipitation, elevation, slope,
subdrainage  area,  distance  to  river  mouth  (DRM),  potential
evapotranspiration,  aridity  index,  mean  discharge,  and  net
primary  productivity  (NPP)  (Supplementary  Table  S2).  Data
were  derived  from  multiple  authoritative  sources  and
harmonized  to  the  subdrainage  level  through  spatial
resampling  to  ensure  consistency  with  biodiversity  metrics
(Tao et al., 2023b).
To  minimize  multicollinearity,  variance  inflation  factor  (VIF)

analysis  was  conducted,  and  environmental  predictors  with
high covariance (i.e.,  VIF>5) were excluded from subsequent
analyses  (Zhang  et al.,  2021).  Although  mean  annual  air
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temperature, elevation, and DRM exhibited VIF values above
this  threshold,  these  variables  were  retained  to  facilitate
comparability  with  previous  studies  identifying  them  as
important  drivers  of  biodiversity  structure  (Supplementary
Table  S3).  Spatial  correspondence  between  fish  diversity
patterns and anthropogenic pressure was evaluated using the
Human  Footprint  Index  (HFI,  Venter  et  al.,  2016)  following
established approaches (Tao et al., 2023b). HFI values range
from  0  to  1,  representing  minimal  to  maximal  anthropogenic
disturbance, respectively.

 Mapping species distributions
Spatial  distributions  of  native  fish  species  in  the  Nu-Salween
River  were  delineated  using  an  occurrence-based  buffering
framework  (Tao  et al.,  2023b;  Wang  et al.,  2023).  For  each
species,  dispersal  distances  associated  with  individual
occurrence  records  were  determined  from  empirical  trait-
based  relationships  (Radinger  &  Wolter,  2014).  Dispersal
capacity was parameterized using MBl and caudal aspect ratio
(CAr), the latter defined as the squared height of the caudal fin
divided  by  caudal  fin  surface  area  and  derived  from
standardized  illustrations  or  high-resolution  images.  Each
occurrence  point  was  first  relocated  to  the  nearest  river
network  using the  “near  analysis”  toolbox in  ArcMap v.10.4.1
(Environmental  Systems  Research  Institute,  2016).  River
order  for  each  location  was  then  assigned  using
HydroRIVERS  data  (Lehner  &  Grill,  2013)  to  identify  the
highest river order occupied by each species. Species-specific
dispersal  distances  were  estimated  based  on  MBl,  CAr,  and
maximum occupied river order using the R package fishmove
v.0.3-3  (Radinger  &  Wolter,  2014).  Estimated  dispersal
distances  were  applied  as  buffer  diameters  around  each
occurrence  record  (Tao  et al.,  2023b;  Wang  et al.,  2023).
Buffers were merged for each species and intersected with the
382  subdrainages.  Given  that  dispersal  is  constrained  by
hydrological connectivity, the overlapping areas were confined
to  the  focal  subdrainage  and  hydrologically  connected
upstream or downstream units (Wang et al., 2023). When two
occupied subdrainages were separated by intermediate units,
intervening  subdrainages  were  considered  occupied  if
hydrological  continuity  was  present  and  separation  distance
did  not  exceed  10  times  the  estimated  dispersal  distance
(Wang  et al.,  2023).  Species  distribution  modeling  was  not
implemented  because  occurrence  data  were  insufficient  for
several  taxa  (Tao  et al.,  2023b)  and  because  incorporating
environmental  predictors  at  this  stage  would  introduce
redundancy in subsequent analyses of diversity-environment.

 Statistical analysis
Biodiversity  metrics  were  quantified  for  382  subdrainages
across  the  Nu-Salween  basin  using  only  native  species
records.  Calculated  indices  included  species  richness  (SR),
phylogenetic diversity (PD), functional richness (FR), weighted
endemicity  (WE),  coldspots  and  hotspots  (CH),  and
threatened  species  richness  (TSR).  SR,  PD,  WE,  and  CH
were  derived  using  the  R  package  phyloregion  v.1.0.8  (Daru
et al.,  2020).  SR  represented  the  total  number  of  species
recorded  within  each  subdrainage.  PD was  computed  as  the
minimum cumulative  phylogenetic  branch  length  spanning  all
taxa present in a subdrainage on the reconstructed phylogeny
(Faith,  1992).  FR  was  estimated  using  a  multivariate  trait-
based  framework.  A  functional  trait  matrix  was  constructed
and  reduced  using  principal  component  analysis  (PCA),  and
the  first  four  principal  component  (PC)  axes  were  retained
(Zhang  et al.,  2021).  Species  scores  on  these  axes  were

combined  with  subdrainage-level  species  composition  to
quantify  FR  as  the  convex  hull  hypervolume  in  trait  space
using  the  R  package  geometry  v.0.4.7  (Blonder  &  Harris,
2019).  FR  values  were  scaled  between  0  and  1  to  facilitate
comparison  among  subdrainages.  WE was  calculated  as  the
sum  of  the  inverse  of  species  range  sizes  within  each
subdrainage  (Daru  et al.,  2020).  Range  size  was  defined  as
the total number of subdrainages occupied by a species within
the  basin.  Consequently,  species  with  restricted  distributions
contributed more strongly to WE than broadly distributed taxa.
Hotspots and coldspots were identified as subdrainages within
the  upper  and  lower  5%  of  WE  values,  respectively
(Prendergast et al., 1993). TSR was defined as the number of
species  classified  as  threatened  within  each  subdrainage.
Spearman  correlation  analysis  was  applied  to  evaluate
relationships  among  SR,  PD,  FR,  WE,  and  TSR,  and  to
assess  associations  between  diversity  indices  and  the  HFI.
CH  was  excluded  from  correlation  analyses  because  it
represents a categorical variable.
Relationships between environmental variables and multiple

diversity  facets  (SR,  PD,  FR,  and  WE)  were  assessed  using
structural  equation  modeling  (SEM)  to  accommodate  both
direct  and  indirect  effects.  Environmental  predictors  were
standardized  to  ensure  comparability  across  variables  with
differing units (Oberdorff et al., 2019). To prevent distortion of
overall  patterns,  subdrainages  exhibiting  extreme
environmental  values,  such  as  exceptionally  high  annual
rainfall (10 of 382 subdrainages, 2.6%), were excluded based
on outlier detection using the R package performance v.0.10.4
(Lüdecke et al.,  2021).  Initial  SEM structure  was  informed by
predictors  identified as significant  in  generalized linear  mixed
models (GLMMs) and multi-model comparisons. GLMMs were
fitted  using  the  R  package  glmmTMB  v.1.1.7  (Brooks  et al.,
2017),  and  models  were  ranked  using  corrected  Akaike
Information  Criterion  (AICc).  Parameter  estimates  were
averaged  across  candidate  models  with  ΔAICc<3  (Gross
et al.,  2017). Initial  pathways were established and confirmed
based  on  existing  literature  (Supplementary  Figure  S2)  and
further  pathways  refined  using  Shipley’s  d-sep  tests.  Final
model  selection  was  based  on  minimum AICc  values.  Linear
models  were  retained  in  both  GLMMs  and  SEMs  due  to  the
absence  of  a  clear  nonlinear  relationship  between
environmental  factors  and  fish  diversity  (Supplementary
Figure  S3)  and  to  preserve  interpretability.  To  address  the
non-independence  of  fish  diversity  indices  across
subdrainages,  random  effects  were  defined  hierarchically
(1|06_basin/07_basin,  Supplementary  Table  S4)  in  both
GLMMs  and  SEMs.  Analyses  were  performed  using  the
piecewiseSEM  v.2.1.2  package  (Lefcheck,  2016),  and
variances explained by fixed effects  (R2

marginal)  and fixed and
random effects (R2

conditional) were reported. Direct, indirect, and
overall  relative  effects  of  each  environmental  factor  were
quantified;  however,  these  relationships  represent  statistical
associations rather than confirmed causal pathways.
Conservation  representativeness  was  evaluated  by

identifying  priority  areas  defined  as  the  top  5%  of
subdrainages  for  each  diversity  index  in  addition  to  all
hotspots  and  coldspots.  Priority  areas  were  intersected  with
protected area boundaries to estimate the proportion of  high-
value subdrainages currently under protection. For finer-scale
assessment,  the  basin  was  subdivided  into  1  km2  grids,  and
coverage was quantified by calculating the proportion of grids
within  priority  areas  overlapping  with  designated  protected
areas. Spatial data were obtained from the World Database on
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Protected Areas (WDPA, https://www.protectedplanet.net) and
World Database on Other Effective Area-Based Conservation
Measures  (WDOECM,  https://www.protectedplanet.net)  using
the R package wdpar v1.3.5 (Hanson, 2022).

 RESULTS

 Database and species richness
The final fish occurrence database comprised 26 998 records,
including  17  865  survey-based  points  and  9  133  expert-
inferred  points,  representing  445  native  freshwater  fish
species across the Nu-Salween River basin (Figure 1). These
species  were  distributed  among  20  orders,  75  families,  and
216  genera  (Supplementary  Table  S5),  with  taxonomic
composition  dominated  by  Cypriniformes  (230  species,
54.0%)  and  Siluriformes  (82  species,  19.2%).  According  to
IUCN  assessments,  22  species  (4.9%)  were  classified  as
threatened, with no cases of extinction or extinction in the wild

(EX or EW) recorded within the basin to date (Figure 2). Only
17.8% of species exhibited broad geographic ranges, whereas
25.3%  occurred  in  fewer  than  10  subdrainages  and  were
classified  as  rare.  Geographic  partitioning  of  diversity  was
pronounced.  Myanmar  supported  the  highest  richness  (386
species,  86.7% of  the  basin  total),  while  China  and  Thailand
harbored  201  and  221  species,  respectively  (Figure  2).  Only
79 species  were  shared across  all  three  countries,  indicating
limited  cross-border  congruence  in  assemblage  composition
(Supplementary Figure S4A). Similarly, substantial differences
in  species  composition  were  found  between  major  tributaries
and  the  mainstem,  as  well  as  among  tributaries
(Supplementary Figure S4B, C).

 Patterns of fish diversity
Taxonomic  richness,  phylogenetic  diversity,  functional
diversity,  and  weighted  endemicity  generally  increased  along
the  upstream-downstream  gradient  (Figure  3).  High  diversity

 

Figure 2  Phylogenetic relationships of freshwater fish in the Nu-Salween River basin

Each species is labeled with IUCN Red List category, country of occurrence, and frequency of occurrence across subdrainages. IUCN categories:
NE, Not Evaluated; DD, Data Deficient; LC, Least Concern; NT, Near Threatened; VU, Vulnerable; EN, Endangered; CR, Critically Endangered.
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values  were  concentrated  in  the  lower  basin,  particularly
southeastern Myanmar and northwestern Thailand, and in the
middle reaches spanning southwestern China. Areas with high
SR,  PD,  and  WE  values  were  primarily  recorded  in  Yunnan
Province in China, Kayah, Kayin, and Mon States in Myanmar,
and Mae Hong Son and Tak Provinces in Thailand (Figure 3A,
B,  D).  Notably,  the  estuarine  subdrainage  exhibited  an
exceptionally  high  WE value  (45.2)  relative  to  the  basin-wide
mean  (1.16±2.62),  reflecting  the  concentration  of  brackish-

freshwater  transitional  taxa,  with  90  of  114  species  in  that
subdrainage occurring across both habitat types.
FR  displayed  a  partially  overlapping  but  distinct  spatial

pattern,  with  elevated  values  in  Yunnan  Province  (China),
Shan  and  Kayin  States  (Myanmar),  and  Tak  Province
(Thailand) (Figure 3C). TSR was more spatially restricted, with
pronounced  concentrations  in  Shan  and  Kayin  States  in
Myanmar  and  Mae  Hong  Son  Province  in  Thailand
(Figure  3F).  Hotspots  were  predominantly  located  in  Yunnan

 

Figure 3  Diversity patterns of freshwater fish in the Nu-Salween River basin

A: Species richness (SR).  B:  Phylogenetic diversity (PD).  C: Functional  richness (FR).  D: Weighted endemicity (WE).  E:  Coldspots and hotspots
(CH). F: Threatened species richness (TSR).
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Province, Kayin and Mon States, and Mae Hong Son and Tak
Provinces,  and  exhibited  marked  differences  in  species
composition  among  regions  (Supplementary  Figure  S4D).  In
contrast, coldspots were confined to headwater regions in the
upper basin (Figure 3E).  Across the basin,  SR, PD, FR, WE,
and TSR exhibited an unexpected bimodal distribution pattern,
characterized  by  two  distinct  peaks  within  each  diversity
spectrum,  most  prominently  for  SR  and  PD  (Figure  4).
Subdrainages with both medium-low and medium-high values
collectively  comprised  a  substantial  proportion  of  the  basin.
Congruence  among  diversity  facets  was  variable  (Spearman
correlation,  0.72<r<0.97,  P<0.001),  with  the  strongest
association  observed  between  SR  and  PD  (r=0.97)  and
comparatively  weaker  correspondence between FR and TSR
(r=0.72) (Figure 4).

 Drivers of fish diversity
Eight  environmental  predictors,  including  mean  annual  air
temperature,  mean  annual  total  precipitation,  NPP,  mean

discharge, subdrainage area, elevation, slope, and DRM, were
retained  for  SEM  (Figure  5)  after  appearing  at  least  once  in
the  model-averaged  GLMMs  (Supplementary  Figure  S5).
SEMs  accounted  for  a  substantial  proportion  of  variation
across  diversity  dimensions  (0.72<R2<0.99,  Supplementary
Tables  S6–S9),  indicating  strong  explanatory  performance.
SR  was  primarily  impacted  by  temperature,  elevation,  NPP,
precipitation, and area, with combined total  effects explaining
94.5%  of  the  observed  variance.  PD  was  significantly
associated with DRM, temperature, elevation, NPP, and area,
collectively  accounting  for  95.6%  of  variation.  FR  was
predominantly  influenced  by  temperature  and  precipitation,
explaining  50.6%  of  variation,  whereas  WE  was  principally
driven  by  subdrainage  area,  explaining  16.4%  of  variation.
Temperature emerged as a major determinant of SR, FR, and
WE,  contributing  35.9%–40.4%  of  total  effects  across  these
facets.  In  contrast,  DRM  exerted  a  dominant  influence
exclusively  on  PD,  with  a  total  effect  of  65.0%.  Mean

 

Figure 4  Spatial congruences among diversity facets and correlations with the Human Footprint Index (HFI)

PD values are presented at  1/100 of  the original  magnitude to facilitate visualization.  Bar charts illustrate the distribution of  subdrainages across
levels of each diversity facet. Spearman correlations: *: P<0.05; **: P<0.01; ***: P<0.001. Abbreviations are consistent with those in Figure 3.
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discharge  and  slope  exhibited  consistently  weak  and  non-
significant  associations  with  all  diversity  metrics.  Patterns
identified  in  SEMs  were  generally  consistent  with  those
observed  in  model-averaged  GLMMs  (Supplementary  Figure

S5), while additionally showing indirect effects. Effects of NPP
on  diversity  were  exclusively  direct.  Indirect  contributions  of
discharge  were  minimal,  whereas  temperature,  precipitation,
elevation,  slope,  area,  and  DRM  exerted  varying  degrees  of

 

Figure 5  Structural equation models (SEMs) illustrating environmental influences on multiple fish diversity facets

A: Species richness. B: Phylogenetic diversity. C: Functional richness. D: Weighted endemicity. For clarity, both significant and non-significant paths
between  environmental  predictors  and  diversity  facets  are  shown,  whereas  only  significant  paths  among environmental  predictors  are  displayed
(P<0.05).  Boxes  represent  measured  variables,  and  arrows  indicate  directional  relationships  (pink,  positive  associations;  green,  negative
associations). Solid lines indicate significant relationships (P<0.05), whereas dashed lines denote non-significant relationships (P>0.05). Conditional
R2  values  (incorporating  fixed  and  random  effects)  are  presented  within  the  corresponding  boxes.  Direct,  indirect,  and  relative  total  effects  of
environmental  predictors  on  each  diversity  facet  are  shown  in  the  right  panels  of  each  SEM.  Positive  effects  are  shown  in  pink,  and  negative
associations are shown in green. *: P<0.05; **: P<0.01; ***: P<0.001. NPP, net primary productivity; DRM, distance to river mouth.
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indirect  influence.  Specifically,  temperature  represented  the
strongest  indirect  driver  of  SR,  PD,  and  FR,  while  elevation
exerted the largest indirect effect on WE.

 Human disturbance and conservation gaps
HFI  values  remained  generally  low  across  the  entire  basin
(HFI<0.5;  Figure  6A;  Supplementary  Figure  S6),  with  higher
values (0.4–0.5) restricted to 10 subdrainages (2.6%) located
in  the  estuarine  region  and  middle  reaches  of  southwestern
China.  Spatial  correlations  between  HFI  and  most  diversity
facets  were  not  statistically  significant,  except  for  TSR
(Spearman  r=–0.16,  P<0.005;  Figure  4).  A  total  of  58
protected  areas  were  identified  within  the  Nu-Salween  River
basin,  collectively  covering  24  442  km2,  equivalent  to  6%  of
total  basin  area  (Figure  6B).  Subdrainages  designated  as
priority  areas  for  one  or  more  fish  diversity  facets
encompassed approximately 91 000 km2, representing 28% of
the  basin  and  concentrated  primarily  in  the  middle  reaches
and  estuarine  region  (Figure  6C;  Supplementary  Figure  S7).
Only  5%  of  these  priority  areas  overlapped  with  protected
areas.  Protection  coverage  within  priority  areas  varied
substantially  among  diversity  dimensions,  ranging  from  0.1%
to 15.9% (Figure 6D).

 DISCUSSION

Integration  of  long-term  field  investigations  with  the  most
comprehensive  fish-occurrence  dataset  assembled  to  date
enabled  basin-wide  evaluation  of  multiple  dimensions  of  fish
diversity  across  the  Nu-Salween  basin.  This  synthesis
revealed  at  least  445  native  freshwater  fish  species,
establishing the river as one of the most species-rich systems
in  Southeast  Asia,  although  overall  richness  remains  lower
than  that  of  the  Mekong,  which  supports  more  than  1  000
species  (Froese  &  Pauly,  2024;  Wang  et al.,  2025b).  In
contrast  to  the  widely  documented  pattern  of  increasing
downstream biodiversity across large river networks (He et al.,
2020; Muneepeerakul et al., 2008; Zhang et al., 2021), the Nu-
Salween  River  displayed  an  unexpected  bimodal  distribution
of biodiversity. This structure was evident not only for species
richness but  also for  functional  and phylogenetic  dimensions,
and  persisted,  albeit  less  strongly,  when  restricted  to

threatened (TSR) and endemic species (WE).
Conventional  theory  predicts  a  unimodal  distribution of  fish

diversity  within  river  basins,  shaped  by  gradients  in  energy
availability,  environmental  filtering,  and  habitat  heterogeneity.
Under  this  framework,  environmentally  constrained
headwaters  are  expected  to  harbor  relatively  few,  closely
related  species  with  overlapping  functional  attributes.
Downstream  reaches,  characterized  by  greater  habitat
complexity,  enhanced  resource  availability,  and  cumulative
dispersal  inputs,  are  predicted  to  sustain  elevated  diversity
through mass effects and colonization from upstream sources
(Muneepeerakul  et al.,  2008;  Oberdorff  et al.,  2019).
Intermediate  subbasins  should  therefore  exhibit  moderate
diversity,  producing  a  single-peaked  longitudinal  pattern.
However,  the  observed  dual-peak  configuration  in  the  Nu-
Salween  River  system  deviated  from  this  canonical
expectation, indicating that additional ecological and historical
mechanisms have shaped diversity along the river continuum.
The unexpected bimodal diversity configuration identified in

the  Nu-Salween River  was  characterized  by  a  predominance
of  subdrainages  exhibiting  either  low  or  high  diversity,
whereas  intermediate  diversity  levels  were  comparatively
underrepresented,  resulting  in  two  distinct  peaks  across  the
diversity  spectrum.  This  pattern  was  closely  associated  with
the  pronounced  dumbbell-shaped  geomorphology  of  the
basin,  which  separates  the  drainage  into  two  contrasting
regions defined by divergent elevations, climatic regimes, and
productivity  levels.  Such  environmental  contrasts  support
ecologically  and  evolutionarily  distinct  fish  assemblages.
Upstream  subbasins,  characterized  by  cold,  high-altitude
climates and low primary productivity,  harbored relatively  few
species,  largely  composed  of  cold-adapted  taxa  within
Triplophysa  and Schizothorax,  which  share  similar  functional
attributes  and  close  phylogenetic  relationships.  In  contrast,
downstream  subbasins,  situated  in  warm  tropical  to
subtropical  lowlands,  were  characterized  by  elevated
temperatures  and  higher  primary  productivity,  conditions  that
foster species coexistence and diversification (Oberdorff et al.,
2019).  Interestingly,  overlap  between  upstream  and
downstream  communities  was  minimal,  consistent  with
classification  into  distinct  freshwater  zoogeographic  regions,

 

Figure 6  Conservation  representativeness  of  protected  areas  relative  to  priority  areas  across  multiple  fish  diversity  facets  in  the  Nu-
Salween River basin

A:  Human Footprint  Index (HFI)  values for  each subdrainage.  B:  Spatial  distribution of  existing  protected areas.  C:  Spatial  distribution of  priority
areas,  with  darker  shading  indicating  higher  priority  areas.  D:  Extent  of  protected  area  coverage  in  priority  areas  across  fish  diversity  facets.
Abbreviations are consistent with those in Figure 3.
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i.e., High Central Asia and South Asia, respectively (He et al.,
2020).  The  marked  divergence  between  upstream  and
downstream  parts  of  the  basin  is  explained  by  the  unusual
topography  of  the  middle  reaches,  where  the  mainstem
descends  approximately  2  000  m  over  a  300  km  segment.
This  abrupt  elevation  gradient  likely  constrained  faunal
exchange and accentuated ecological divergence, contributing
to  the emergence of  bimodal  diversity  patterns.  Thus,  middle
subbasins  functioned  as  transitional  zones  linking  high-
elevation headwaters  and lowland reaches and consequently
exhibited  intermediate  species  richness.  Similarly,  other  fish
diversity  facets  displayed  analogous  bimodal  tendencies,
consistent  with  partial  dependence  on  underlying  species
richness  patterns.  Although  survey  coverage  remained
incomplete  in  several  subdrainages,  particularly  in
downstream  regions  (Figure  1),  supplementary  interpolation
analyses indicate that this limitation does not alter the overall
pattern  (Supplementary  Figure  S8).  Overall,  the  bimodal
structure  of  fish  diversity  in  the  Nu-Salween  River  basin
reflects  the  integrated  influence  of  geomorphology,
environmental  heterogeneity,  and  spatial  constraints  on  fish
distribution.
The distinctive  geomorphological  configuration of  the basin

also  impacted  the  mechanisms  driving  biodiversity  patterns.
Notably,  climate  and  primary  productivity  emerged  as
dominant  determinants  of  biodiversity  (Figure  5;
Supplementary Figure S9), highlighting the central role of the
species-energy  hypothesis  in  shaping  upstream-downstream
gradients  (Field  et al.,  2009; He  et al.,  2020; Oberdorff  et al.,
2019).  However,  the  relative  importance  of  drivers  differed
among  fish  diversity  facets  (Figure  5).  Variables  associated
with  the  species-energy  hypothesis  primarily  governed
taxonomic  and  functional  diversity,  whereas  phylogenetic
diversity  and  weighted  endemicity  were  more  strongly
associated  with  historical  legacy  (Oberdorff  et al.,  2019)  and
habitat  heterogeneity  linked  to  the  species-area  hypothesis
(Gross  et al.,  2017;  Lehner  &  Grill,  2013;  Nakamura  et al.,
2021).  Reduced  phylogenetic  diversity  in  the  upstream  high-
altitude region of the basin likely reflects historical constraints
on  dispersal  and  colonization,  leading  to  assemblages
composed of closely related taxa (Oberdorff et al., 2019; Yang
et al.,  2022). In contrast, peaks in endemic richness occurred
in  scattered  downstream  subdrainages  defined  by  elevated
habitat  heterogeneity,  as  well  as  in  select  middle  reaches
characterized  by  unique  environmental  conditions  that  may
promote  localized  endemism  (He  et al.,  2020).  Long-term
stable systems, such as Inle Lake, are likely to preserve more
endemic  lineages  by  buffering  against  historical  extinction
events  (Kano  et al.,  2016;  Fuke  et al.,  2022,  2024),
underscoring  the  importance  of  paleogeographic  stability  in
shaping regional endemism. Conversely, the relatively low WE
observed  in  the  upper  Nu-Salween  River  may  reflect  a
historical  river  capture  event  involving  the  Red  River  system
(Clark  et al.,  2004).  Such  geomorphological  reorganization
can  restructure  drainage  connectivity,  facilitate  biotic
exchange  among  formerly  isolated  catchments,  and  reduce
opportunities  for  allopatric  speciation  and  persistence  of
narrowly  distributed  taxa.  However,  our  GLMM  and  SEM
frameworks  for  WE  incorporated  only  contemporary
environmental variables because historical variables were not
available,  limiting  inference  regarding  long-term  processes.
Future  investigations  integrating  geological  history,  drainage
reconfiguration  dynamics,  and  molecular  phylogenetic  data
will be necessary to clarify the enduring influence of historical

events  on  present-day  regional  endemism.  Clear  recognition
of  facet-specific  drivers  is  therefore  essential  for  designing
conservation  strategies  tailored  to  distinct  components  of
biodiversity,  particularly  under  accelerating  global
environmental change (Feio et al., 2023; He et al., 2020).
Our  findings  carry  substantial  implications  for  conservation

of freshwater fish within this unique and second-longest free-
flowing  river  system  in  Southeast  Asia.  The  pronounced
bimodal  patterns  of  diversity  and  the  distinct  mechanisms
underlying  individual  diversity  facets  warrant  careful
consideration  when  evaluating  risks  associated  with  climate
change  and  anticipated  hydropower  expansion.  Regional
assessments  consistently  identify  climate  change  as  the
dominant  driver  of  distributional  reorganization  in  freshwater
fish (Comte et al., 2021; Nuon et al., 2024). Within the Mekong
basin, projections indicate that more than 80% of species may
shift  northward  along  the  river  network,  whereas
approximately 25% may experience contraction of climatically
suitable habitat (Nuon et al., 2024). In the Nu-Salween basin,
vulnerability  is  spatially  asymmetric.  Notably,  high-elevation
headwaters  support  cold-water  assemblages  that  are
particularly  sensitive  to  thermal  increases,  making  upstream
sectors  especially  vulnerable  to  climate warming (Ding et  al.,
2023;  Zhao  et  al.,  2025).  In  contrast,  the  downstream
lowlands,  which  harbor  the  majority  of  regional  biodiversity,
face  severe  constraints  on  altitudinal  redistribution.  Upward
range  shifts  are  effectively  impeded  by  the  steep  middle
reaches,  where  pronounced  elevation  gradients  limit
longitudinal  and  vertical  dispersal.  This  geomorphological
barrier restricts climate tracking and may confine downstream
assemblages to increasingly unsuitable thermal environments,
consistent  with  broader  patterns  of  constrained  dispersal
documented  for  freshwater  fauna  (Lenoir  et  al.,  2020).
Collectively, given the basin topography and projected climatic
shifts,  biodiversity  in  the  Nu-Salween  River  basin  is  likely  to
exhibit pronounced sensitivity to continued climate warming.
Although  recognized  as  one  of  the  longest  remaining  free-

flowing  rivers  in  Southeast  Asia,  the  Nu-Salween  basin  is
subject  to  mounting  hydropower  development  proposals
intended  to  satisfy  regional  energy  and  water  resource
demands.  Currently,  over  20  large-scale  hydropower  dam
projects  have been proposed along the  mainstem (Middleton
&  Lamb,  2019).  While  implementation  has  been  temporarily
suspended, post-pandemic economic recovery strategies may
reignite interest in these projects and infrastructure expansion
(Middleton  &  Lamb,  2019;  Tao  et al.,  2023a).  If  realized,
extensive  dam  construction  would  profoundly  alter  habitat
connectivity,  disrupt  flow  regimes,  and  fragment  critical
habitats, with cascading consequences for survival, dispersal,
and  reproduction  of  freshwater  fish,  particularly  for  migratory
species  such  as  eels  (Barbarossa  et al.,  2020;  Ding  et al.,
2023;  Tang  et al.,  2026;  Winemiller  et al.,  2016).  Elevated
levels  of  endemism  in  the  middle  reaches  further  amplify
conservation  concern,  as  localized  habitat  disruption  may
disproportionately affect range-restricted taxa. Comprehensive
assessment  of  current  and  projected  habitat  fragmentation
across  the  basin  is  essential  for  effective  conservation  and
management  of  fish  species  under  accelerating  development
pressures.
Coverage of freshwater biodiversity within existing protected

areas  remains  limited,  with  less  than  6%  of  total  basin  area
currently under formal protection. Achieving the “30×30” target
set  forth  in  the  Kunming-Montreal  Global  Biodiversity
Framework  (Convention  on  Biological  Diversity,  2022)  will
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therefore  require  substantial  expansion  of  conservation
coverage.  As different  facets of  fish diversity  exhibited varied
congruences  in  spatial  distribution  patterns,  it  is  critical  that
the  expansion  of  protected  areas  incorporates  their
complementary  relationships to  enhance overall  conservation
effectiveness  (Tao  et al.,  2023b).  Although  present
anthropogenic  pressures  remain  comparatively  moderate  in
parts  of  the  basin,  freshwater  fish  diversity  is  poorly
represented  within  the  existing  protected  area  network,
resulting  in  extensive  conservation  gaps.  Such  mismatches
between  protected  areas  and  spatial  biodiversity  patterns
require proactive expansion of protected areas throughout the
river basin. Given that the Nu-Salween River traverses China,
Myanmar, and Thailand, and that multiple conservation priority
areas  are  situated  near  international  borders,  coordinated
transboundary governance is essential. Development of cross-
border  conservation  frameworks  can  facilitate  data  sharing,
collaborative  monitoring,  and  joint  planning,  while  enabling
integrated establishment and management of protected areas
(Tao et al., 2023a). Such coordination is particularly important
in  highly  connected  river  systems,  where  upstream  activities
can  adversely  affect  the  downstream  basin.  Basin-wide,
cooperative  conservation  strategies  will  be  critical  to  protect
freshwater  fish  diversity  and  maintain  habitat  integrity
throughout the entire drainage network (Sun et al., 2024).
As the second-longest and one of the last major free-flowing

rivers  in  Southeast  Asia,  the  Nu-Salween  River  represents  a
system  of  exceptional  biodiversity  and  insufficiently
recognized ecological value, with comprehensive evaluation of
fish  diversity  across  the  entire  basin  lacking.  The  present
basin-wide  assessment  revealed  an  unexpected  bimodal
diversity  pattern  associated  with  the  distinctive
geomorphological  structure  of  the  drainage.  Diversity  facets
displayed only  partial  spatial  congruence and were  driven  by
multiple  environmental  factors,  including  temperature,
precipitation,  and  primary  productivity,  each  contributing  in
distinct proportions. The bimodal diversity peaks underscored
pronounced  ecological  differentiation  between  upstream  and
downstream regions of the basin, which functioned as largely
independent  systems  shaped  by  contrasting  environmental
regimes. This spatial decoupling heightened sensitivity to both
climate warming and hydrological fragmentation, as responses
to environmental change are unlikely to be uniform across the
basin.  Although  current  anthropogenic  disturbance  exhibited
limited  spatial  conflict  with  diversity  hotspots,  the
representation  of  freshwater  fish  in  existing  protected  areas
remains  inadequate.  Therefore,  effective  conservation
planning  requires  explicit  incorporation  of  multiple  diversity
dimensions  to  capture  complementary  patterns  and  maintain
ecological integrity amid potential threats from climate change
and  prospective  hydropower  development.  Coordinated
transboundary  action  among  basin  countries,  supported  by
international  collaboration,  is  needed  to  enhance  survey
coverage and expand protection across priority areas.
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