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Abstract 36 

 37 
Species range limits are typically constrained by their tolerance to abiotic factors such as 38 
climate, as well as by dispersal limitations due to geographic barriers like mountain ridges 39 
and river valleys. Montane regions, which are hyperdiverse in many different clades, 40 
characterised by high turnover, and complex topography, provide ideal systems for 41 
investigating the drivers of range limits. In this study, we collected 30 environmental DNA 42 
(eDNA) samples from the tributaries of the Salween, Mekong, and Yangtze rivers in west 43 
China and employed ITS2 primers to analyse the species phylogenetic beta diversity of plant 44 
and fungal communities. We then applied a null model approach to disentangle the dispersal 45 
limitation process from the climate filtering process. Habitat preference analyses indicate that 46 
our eDNA samples predominantly capture mid-to-low elevation species. The spatial pattern 47 
of the PCoA plot from phylogenetic beta diversity revealed congruent distribution patterns 48 
between plant and fungal groups, with assemblage segregation across different river valleys 49 
and along latitudes. The plant communities were structured along the Salween-Mekong 50 
divide once climatic and distance effects were accounted for. Our results highlight the 51 
efficiency of using river eDNA to detect the terrestrial plant and fungi communities and 52 
emphasize the dispersal barrier is taxa and location dependent. 53 
 54 
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Introduction 57 

Mountain regions harbour disproportionate terrestrial biodiversity globally despite occupying 58 
only 25% of the land area 1. This high biodiversity level is caused by the aggregation of many 59 
small-range species 2 with species composition varying substantially over short geographic 60 
distances 3, or along elevational gradients 4,5 or across river valleys 6. Thus, examining 61 
species assemblage replacement (hereafter: beta diversity) across geographic distance is 62 
essential for understanding the biodiversity distribution of the montane systems. 63 
Environmental filtering and dispersal limitation are two primary mechanisms in driving 64 
community composition. Environmental filtering determines species range limits based on 65 
abiotic control, constraining species range limits according to environmental conditions such 66 
as temperature 7,8 and precipitation 9,10. This hypothesis suggests that current climatic 67 
variations could influence species range limits due to species-habitat associations 11. In 68 
addition, geographic barriers can impede species dispersal even within similar abiotic 69 
conditions, eventually leading to long-term isolation and subsequent allopatric speciation 12. 70 
For example, the interfluvial drainage divide generated from escarpment retreat created 71 
dispersal barriers for vascular plants in Madagascar 13. Montane regions with high levels of 72 
complex topography have restricted species dispersal and thus host a high number of small-73 
ranged species 2,12. However, these hypotheses are not mutually exclusive and have strong 74 
interactions. For example, mountain ranges also act as barriers to atmospheric moisture, 75 
creating rain shadows and filtering drought tolerant species on one side of mountain ranges. 76 
The complex topography further compresses diverse climates within short geographic 77 
distances along elevational gradients, further filtering species that favour different 78 
environmental conditions, promoting high spatial species turnover in montane regions 14. 79 
Therefore, disentangling the role of dispersal barriers from climate filtering is essential to 80 
understand how mountain ranges play a role in geographic isolation. 81 
 82 
Mountain regions have been identified as phylogeographic hotspots, where 83 
phylogeographical patterns often correspond with geographic features such as mountain 84 
ridges 15 and river valleys 16. These geographic features can block gene flow among 85 
populations, eventually leading to allopatric speciation across clades. For example, high 86 
mountains, lacking low-elevation passes have been identified as dispersal barriers for birds 17, 87 
mammals 18, amphibians 15, and plants 19. The effectiveness of these barriers, however, may 88 
also depend on species’ habitat preferences and dispersal abilities 12. Moreover, mountain 89 
ridges have been shown to impede the population connectivity of mid-to-low elevation yews 90 
20, while deeply incised river valleys can act as dispersal barriers for alpine clades, isolating 91 
mountain peaks as sky islands 21. Moreover, life history traits related to dispersal, such as 92 
avian wing size 12, plant seed size 22, or belonging to functional groups 23, also influence how 93 
species interact with these barriers. For example, mountainous barriers pose less of an 94 
obstacle to ferns compared to other plants due to their easily dispersed spores 24. Therefore, 95 
considering habitat preferences and functional groups can enhance our understanding of the 96 
role and effectiveness of geographic features as dispersal barriers. 97 
 98 



The environmental DNA (eDNA) metabarcoding approach enables rapid and efficient 99 
biodiversity monitoring, particularly for the quick characterisation of riverine species, as it 100 
can simultaneously detect multiple taxa through the use of primers 25. Riverine eDNA is 101 
extensively employed to identify freshwater fish 26,27 and vertebrates  28. However, the 102 
evaluation of terrestrial plant and fungi communities through riverine eDNA has been much 103 
less studied 29, despite rivers transporting plant fragments such as pollen, leaves, or flowers 104 
30. Detecting plant diversity in riverine environments is challenging due to the trade-off 105 
between the prevalence and length of eDNA fragments 31. The high occurrence of small DNA 106 
fragments in water samples often leads to an elevated read abundance of short amplicons. 107 
The plant eDNA requires larger metabarcoding markers (over 500 bp) to distinguish closely 108 
related species, which is present in lower quantities 31. This makes it difficult to detect a 109 
sufficient number of plant and fungi species in rivers. The nuclear ribosomal DNA (nrDNA) 110 
internal transcribed spacer-2 (ITS2) region has been identified as an effective genetic marker 111 
for flowering vascular plants due to its high mutation rate and conserved small size (220 bp; 112 
Espinosa Prieto et al., 2024). This makes ITS2 a valuable target for detecting terrestrial plants 113 
and fungi in eDNA studies. While ITS2 has been widely used to detect plant and fungi 114 
communities in the soil 32, and airborne 33, it has rarely been assessed in riverine eDNA 30. 115 
Therefore, it is essential to expand the assessment of the ITS2 primer for plants and fungi 116 
using riverine eDNA, as the extent to which river eDNA can accurately capture terrestrial 117 
plant and fungal diversity remains largely unexplored. 118 
 119 
Situated at the tectonic boundary between the Indian and Eurasian plates, the Hengduan 120 
Mountains (HDM) region is recognised as a major biodiversity hotspot outside the tropics. 121 
The Three Rivers Region (TRR) stands out in the HDM due to its complex topography and 122 
exceptional biodiversity 34. The Salween, Mekong, and Yangtze rivers, originating from 123 
Tibet, run north to south in roughly parallel paths, carving deep gorges up to 3000 metres 124 
deep and coming within tens of kilometres of each other at their closest points 35. The TRR is 125 
characterised by numerous north-south oriented mountain ranges with extreme relief, 126 
dissected by river valleys, leading to a fragmented landscape with repeated ridge-valley 127 
patterns 36. This creates an ideal natural laboratory for studying how geographic features 128 
influence phylogeographical discontinuities. For example, the TRR has been shown to 129 
hamper gene flow among populations and amplify speciation in plants 20, and amphibians 37. 130 
While the north-south oriented river valleys in the TRR provide potential corridors for 131 
dispersal across latitudes, rapid species turnover near the TRR bottleneck around 28°N 132 
suggests that climate gradients, particularly winter temperatures, significantly influence 133 
species distributions 38. A comprehensive, multi-taxa investigation based on eDNA sampling 134 
can help determine to what extent these repeated geographic features play the dispersal 135 
barriers in the TRR region. 136 
 137 
In this study, we evaluate the effectiveness of mountain ridges and river valleys as dispersal 138 
barriers by analysing the phylogenetic composition of plant and fungi species across 30 139 
drainage basins in the tributaries of the Salween, Mekong, and Yangtze Rivers using eDNA. 140 
We constructed plant and fungi communities based on water samples from each tributary. We 141 
first assessed the sampling efficiency by comparing the elevation range of sampled plants and 142 



that of the drainage basins. Next, we investigated the spatial pattern of species phylogenetic 143 
beta diversity in the TRR including construction of a generalized dissimilarity model to 144 
quantify the impact of climate. Finally, we examined whether mountain ridges play the role 145 
as dispersal barriers after controlling for the effect of the climate filtering process. 146 
Specifically, we addressed the following questions: 147 

1) Can current sampling methods cover the whole drainage basin? Which elevation 148 
bands are sampled by the riverine eDNA samples from tributary outlets? 149 

2) What are the spatial distributions of plant and fungi phylogenetic diversity? Do they 150 
show congruent distribution patterns?  151 

3) Do mountain ridges act as dispersal barriers for both plant and fungi communities 152 
after controlling the climate filtering process? 153 

 154 
 155 

Results 156 

Taxonomic assignment 157 
 158 
After the taxonomic assignment and cleaning step, the total number of reads in the ITS2 was 159 
1,653,080 (average reads/filter =27,099.67 ± 28,088.96) across the 61 pooled eDNA samples. 160 
Plant species were detected in 29/30 sites, with 33 ASVs assigned to the family level, 139 161 
ASVs assigned genus level and 105 ASVs to the species level. After assigning to the global 162 
genus level phylogenetic tree, 134 genera were retained to perform the analyses. In the 163 
Salween valley, Urticaceae was particularly diverse, the number of genera detected 164 
occupying 9% of the total detected genera (Figure S2). The Salween River also has high 165 
proportions of Araliaceae and Saxifragaceae (6.0% and 4.5% respectively), while the 166 
Mekong and Yangtze rivers do not. The Yangtze and Mekong rivers share the same top 4 167 
families including Fabaceae, Asteraceae, Urticaceae, and Poaceae while the orders are 168 
slightly different. Fungal species were detected at 27 out of 30 sites, encompassing 46 orders 169 
and 88 families. Pathogenic and nonyeast unicellular fungi are the dominant functional groups 170 
among all rivers. The Salween River has a high abundance of yeast, while the Mekong and 171 
Yangtze rivers have a high abundance of opportunistic human pathogens (Table S3). The 172 
detailed site level checklist for plants and fungi could be found in Figure S2 and S3 173 
respectively. 174 
 175 



Sampled habitats for plant communities 176 

The elevation gradient of sampled drainage basins ranged from 2123.9 ± 290.3 m to 4278.7 ± 177 
565.0 m, with a mean elevation of 3201.3 ± 390.4 m and an elevation range of 2154.8 ± 178 
444.1 m (Figure 2). The plant elevational preferences show the maximum (Figure 2), mean 179 
(Figure S5), and minimal (Figure S6) elevation density for all plant genera found in certain 180 
drainage basins. The mean elevation of the maximum elevation preference across all drainage 181 
basins is 2347.8 ± 304.8 m (Figure 2). Comparing the plant maximum elevation preference 182 
with the whole elevational gradient of the drainage basin, the plant elevation preference shifts 183 
towards a lower elevation of 853.5 ± 473.2 m (Figure 2). The overlap between species' 184 
maximum elevation range and basin elevation was 51.6% ± 19.1%. Additionally, the plant 185 
mean and minimal preferred elevation maps showed downward shifts of 1303.2 ± 449.1 m 186 
(Figure S5) and 1719 ± 466 m (Figure S6), respectively. The overlap of plant mean and 187 
minimal preferred elevations with the drainage basin elevations were 29.5% ± 15.5% (Figure 188 
S5) and 14.1% ± 9.2% (Figure S6), respectively. 189 

 190 

Spatial pattern of species composition 191 

The first two axes of the Principal Coordinates Analysis (PCoA) explained 45.5% and 58.5% 192 
of the variance for plants and fungi, respectively (Figure 1b, d). The spatial pattern of the first 193 
two PCoA axes delineated distinct east-west and north-south gradients of phylogenetic beta 194 
diversity (Figure 1). The Salween River showed a more distinct species composition 195 
compared to the Mekong and Yangtze rivers for both plant and fungi groups (Figure 1, S2, 196 
S3). In the plant community, the Salween River is dominated by some tropical genera such as 197 
Toxicodendron, Tetracentron, Ficus, Maclura, Pilea (Figure S2). In the fungi community, 198 
some tropical families and functional groups have been mainly found in the Salween River 199 
such as schizoporaceae, polyporaceae (Figure S3). The latitudinal gradient of the PCoA 200 
pattern indicated a significant turnover at ca. 28°N, with this transition occurring further 201 
north in the Salween and further south in the Yangtze (Figure 1).  202 
 203 



 204 
 205 
Figure 1. Species composition of vascular plants and fungi on biplot maps and pcoa ordinary plots 206 
based on Sorensen phylogenetic beta diversity. Figures (a) and (c) represent the spatial distribution of 207 
the first two PCoA axes in plants and fungi, respectively; colour gradients highlight the species 208 
composition difference between different drainage basins. Black lines represent the river valleys and 209 
grey lines represent mountain ridges. S represents the Salween River, M represents the Mekong River, 210 
and Y represents the Yangtze River. The second column represents the PCoA ordination of species 211 
composition in the Salween, Mekong and Yangtze Rivers. The colour of the points corresponds to the 212 
color in the drainage basins in the left panel. Circles represent the Mekong River, triangles the 213 
Salween River, and squares the Yangtze River. Data ellipses were computed for the ordination plot 214 
considering a multivariate t-distribution with a 0.95 level. The silhouette images were derived from 215 
phylopic (https://www.phylopic.org). 216 
 217 
 218 



 219 
Figure 2. Elevation density plots with the sampled genus maximum elevation preference in each 220 
drainage basin (pink) and the full gradient of elevation of whole drainage basins (grey), in all 221 
sampling sites across Salween, Mekong and Yangtze Rivers. 222 
 223 

Elevational profile and phylogenetic beta diversity of the Three-River 224 
Region 225 

 The geomorphic analysis reveals significant elevational changes from west to east in the 226 
TRR region that have a corresponding relationship in the phylogenetic beta diversity. The 227 
structure of the geography is dominated by the north-south flowing rivers and their 228 
intervening divides, which provide potential dispersal barriers. The relief of the Salween-229 
Mekong divide is larger than the Mekong-Yangtze and the distance between the Salween and 230 
Mekong rivers is consistently smaller (Figure 3). Along the south and north swathes, both 231 
divides have an elevation increase from 3700 m to 5000 m. The phylobeta diversity along the 232 
east-west elevational profiles generally reveals significant high beta at the main divides than 233 
phylobeta in the river valleys across plant (p < 0.01) and fungal (p = 0.058) although the most 234 
north profile shows an opposite trend where phylobeta in the Salween River (0.600 and 0.812 235 
for plant and fungi groups respectively) is higher than phylobeta in other river valleys and 236 
ridges. 237 
 238 



 239 
Figure. 3. The phylogenetic beta diversity along different swathes. Dark blue lines in the left map 240 
represent the main trunks. The blue transects represent four swathes across sampling sites in the right 241 
panels. The polygons in the map represent the corresponding drainage basins. In the right panels, pink 242 
bars represent the phylogenetic beta diversity between two adjacent basins, and blue lines represent 243 
the elevation profile along the swath. The silhouette images were derived from phylopic 244 
(https://www.phylopic.org). 245 
 246 
Impact of climate isolation on phylogenetic beta 247 
In the null model, the climate and geographic distance jointly explain the beta diversity with 248 
an explanation power that varied from 6.21% to 17.98% (Table S4). The GDM model has a 249 
consistent higher explanatory power in the plant community than the fungi community in 250 
both taxonomic and phylogenetic beta diversity (Table S4). PC2 is the most important 251 
predictor in these communities (Table S4), reflecting precipitation seasonality, annual range 252 
of air temperature, mean monthly precipitation amount of the coldest quarter, min daily min 253 
temperature of the coldest month, precipitation amount of the driest month (Figure S7). The 254 
PC1 is the second predictor, mainly reflecting monthly near surface relative humidity, site 255 
water balance, vapor pressure deficit, climate moisture index, and first day of the growing 256 
season (Figure S7).  257 
 258 

The divide isolation impact after accounting for climate on beta diversity 259 

The observed beta diversity crossing drainage divides is significantly higher than predicted 260 
beta diversity from climate difference. But this pattern varied across different groups and 261 
different divides (Figure 4). For the plant group, the Wilcoxon t-test shows a significant 262 
difference between the observed pattern of phylogenetic beta is significantly higher than the 263 
predicted beta diversity in the Salween-Mekong and Salween Yangtze divides (p < 0.001, 264 
Figure 4a) but not in the Mekong-Yangtze divide. In contrast, in the fungi community, none 265 



of the divides revealed a significant difference between climate predictions and observed 266 
phylobeta (Figure 4b). The plant community has a consistent pattern when comparing 267 
taxonomic beta diversity, revealing the observed beta diversity is significantly higher than 268 
predicted beta diversity from pure climatic model in Salween-Mekong (p < 0.001, Figure 269 
S8a) and Salween-Yangtze (p < 0.001, Figure S8a) divides. In the fungal community, all 270 
divides show non-significant differences between observed taxonomic beta and predicted 271 
taxonomic beta except the Salween-Yangtze divide. The Salween-Yangtze divide shows a 272 
significantly higher observed taxonomic beta than predicted taxonomic beta diversity from 273 
climate effects (p < 0.01, Figure S8b). 274 

 275 
Figure 4. The pairwise comparison between climate and geographic distance predicted phylogenetic 276 
beta diversity versus observed phylogenetic beta diversity across different mountain ridges in both 277 
plant (a) and fungi (b) communities. Note that M_S represents the Salween-Mekong drainage divide; 278 
M_Y represents the Mekong-Yangtze divide; and S_Y represents the Salween-Mekong-Yangtze 279 
divide. Star signs represent the significance level from Wilcox comparison (i.e. p<0.001***; 280 
p<0.01**; p<0.05*). The silhouette images were derived from phylopic (https://www.phylopic.org). 281 

 282 

Discussion 283 

Temperate mountain regions are typically associated with high species turnover 3, largely due 284 
to climate filtering and dispersal limitation processes 39. In the Hengduan region, we found 285 
the north-south oriented mountain ranges play a significant role in impeding species dispersal 286 
in east-west directions. The clear segregation of plant and fungal phylogenetic beta diversity 287 
observed in both PCoA analyses and elevational profiles underscore the association between 288 
high phylogenetic turnover and mountain ridges. This highlights the function of mountain 289 
ridges acting as dispersal barriers. The rapid incision of the rivers in the TRR region has 290 
raised north-south oriented parallel mountains ranges 35, encouraging species to migrate in 291 
the north-south direction while restricting east-west genetic exchange among populations and 292 
leading to distinct geographic assemblages from east to west. For example, the tropical clade 293 
of Urticaceae, originally from the tropical region, primarily migrated northwards through the 294 



Salween River valley 40. The role of mountain ridges as dispersal barriers is observed 295 
elsewhere. For instance, mountain range configurations have been linked to phylogenetic 296 
discontinuities in the Andes 6, and Rocky Mountains 17 across various taxa, including birds 17, 297 
plants 19 and mammals 41. Spatial congruence analyses revealed two main mechanisms by 298 
which mountain ridges drive species turnover. First, the climate filtering process plays a key 299 
role in driving species turnover in mountain systems 42. The strong elevation gradient is 300 
associated with a temperature gradient, and mountain ridges act as barriers to moisture, 301 
creating precipitation gradients and rain shadows, resulting in dramatic precipitation 302 
gradients on both sides of a mountain ridge 43. These climatic gradients filter species based on 303 
their temperature and drought tolerance 20,44. This process is particularly prominent in the 304 
Hengduan Mountains, where north-south ridges shape the south Asia monsoon system by 305 
blocking eastward cyclonic flow, producing a pronounced west-to-east precipitation gradient 306 
45. Secondly, mountain ridges can act as direct geographic barriers, physically obstructing 307 
species migration across ridges. Disentangling these processes is crucial to understand the 308 
role of mountain ridges in shaping beta diversity across montane landscapes.  309 
 310 
Not all mountain ridges act as barriers to species dispersal after accounting for climatic 311 
effects on habitat. In the TRR region, the Salween-Mekong divide emerges as a major 312 
dispersal barrier for plant species, even after controlling for the climatic effects at the point of 313 
habitation of species. To differentiate the geographic isolation from climatic effects, we 314 
compared observed phylogenetic beta diversity with values expected under a null model 315 
based solely on climatic factors. This approach effectively isolated the contribution of 316 
climatic isolation and confirmed the role of the Salween-Mekong divide as a geographic 317 
barrier independent of climate. Although this divide has been recognized as a significant 318 
barrier back to 1921 for fauna 46 and later for flora communities at population and genetic 319 
level 20,47, our results provide empirical support for the effectiveness of this barrier after 320 
controlling the climate impact on the habitat on each side of a range, highlighting the role of 321 
physical geography in shaping regional plant biodiversity patterns. The effectiveness of the 322 
Salween-Mekong divide acting as a dispersal barrier may be due to the large depth of the 323 
gorge in the Salween valley. The high relief of the Salween valley compressed a wide range 324 
of habitats-from tropical to alpine-into a steep elevational gradient. This compression 325 
intensifies ecological barriers, reducing the likelihood of plant dispersal across the divide. In 326 
contrast, the Mekong-Yangtze divide is less steep and with a more homogeneous and arid 327 
climate 48, resulting in fewer compressed ecological zones and a lower topographic-climate 328 
barrier for plant species. Moreover, these divides exhibit distinct patterns of geomorphic 329 
activity. The Salween-Mekong divide shows a consistent eastward direction of water-divide 330 
migration, potentially facilitating directional species transfer from the Mekong to Salween 331 
valleys. This asymmetrical movement may lead to species accumulation and promote 332 
allopatric speciation crossing the divide. The Mekong-Yangtze river does not exhibit a 333 
consistent migration direction along the divide 36,49, which could promote mixing of species 334 
pools and result in more homogeneous species assemblages across the divide. Although the 335 
role of divide migration has been mainly investigated in aquatic systems 50–53, our empirical 336 
data provide testable hypotheses regarding the influence of divide migration on plant species 337 
turnover pattern at the regional scale. 338 



 339 
The effectiveness of mountain ridges acting as dispersal barriers is taxa dependent. Although 340 
fungal communities exhibit some spatial segregation across drainage divides, this pattern 341 
disappears once climatic factors have been accounted for. The absence of statically 342 
significant phylobeta across divides suggests that these mountain ridges may not act as 343 
geographic barriers for fungi. This could reflect the higher long-distance dispersal capacity of 344 
fungal spores compared with pollen 54, consistent with the observation that the efficiency of 345 
dispersal barrier varies with species dispersal abilities 55. Instead, the community assembly of 346 
fungal communities depends on the environmental filtering process 56. This result is 347 
confirmed with some global studies emphasizing climate in explaining the soil fungal 348 
diversity at regional scale  57,58. At the regional scale, other local factors such as soil pH and 349 
calcium may filter fungal groups into different microenvironments 57. The varied degree of 350 
isolation impact of mountain ridges is also found in other comparisons between taxa such as 351 
bird and lichen communities. The functional traits that determine dispersal abilities is likely 352 
explained by these variations 55.  353 

Our eDNA data primarily captured species from mid-to-low elevation with implications for 354 
the efficacy of eDNA characterization of large drainage basins. The taxa detected in plant and 355 
fungal groups indicate sampling at the outlet of each drainage basin effectively recovered 356 
species at hot, dry river valleys and temperate forests at mid-elevations (Figure 2). Using 357 
documented elevation ranges for the detected genera 34, we demonstrate that the eDNA signal 358 
largely represents plant occurrence from mid-to-low elevations even under a maximum 359 
elevation preference scenario. Furthermore, our eDNA data revealed a dominance of 360 
pathogens and non-yeast unicellular fungi, which are typically associated with drylands and 361 
temperate mesic forests 58. This observation is consistent with the known dynamics of eDNA 362 
advection, which are influenced by various biotic and abiotic factors such as DNA fragment 363 
size 59, hydrological conditions 60. These factors contribute to varied downstream travel 364 
distances ranging from metres to hundreds of kilometres 60. For instance, studies have 365 
demonstrated that plant eDNA is often only detected a few kilometers downstream 30,61, in 366 
contrast to  the detection range for other organisms, such as invertebrates, which can extend 367 
up to 9.1 km 62. One reason for this is that larger amplicons typically have lower abundance 368 
and decay more easily in riverine systems 59. Therefore, our eDNA data only permits us to 369 
compare species that mainly occur in the dry river valleys and temperate forest ecosystems at 370 
lower elevations in the catchments. 371 

Climate is the dominant factor in shaping community assembly for both plant and fungal 372 
communities, particularly for these communities within the river valley. In river valleys, 373 
general dissimilarity models reveal that climate variables explain a large proportion of 374 
phylogenetic beta diversity, especially the second factor, PC2, which captures climate 375 
constraints related to both temperature and precipitation. Similarly, the north-south 376 
segregation patterns identified through PCoA analyses show a significant division around 377 
28oN, with the pattern being especially pronounced in the Salween River for both plant and 378 
fungi communities. This segregation pattern is consistent with the 0oC minimal temperature 379 
threshold in the coldest month 38, partially supporting the freezing tolerance hypothesis. This 380 



hypothesis posits that frost tolerance acts as one of the critical physiological barriers to 381 
taxonomic shifts from tropical broadleaved forests to temperate conifer forests 38,63, 382 
demonstrating that tropical niche conservatism 64 is one of the main drivers in structuring 383 
latitudinal biodiversity gradient in the Hengduan mountains. The freezing tolerance 384 
hypothesis was initially supported using plant elevational ranges and county level distribution 385 
records 38 in the Hengduan Mountains. We documented a similar pattern with more precise 386 
community assembly data from eDNA. Certain clades, such as Urticaceae, originating from 387 
tropical Asian regions 56, have migrated northwards along river valleys until reaching their 388 
distributional limit near the 28oN freezing boundary in the Salween river valley. This pattern 389 
is less pronounced in the Mekong and Yangtze river valleys, possibly due to the drier climate 390 
in these valleys 65, which may have filtered out a high proportion of tropical lineages, 391 
resulting in more homogeneous species compositions.  392 
 393 
Our results delineate the spatial pattern of phylogenetic and taxonomic beta diversity in the 394 
TRR region, emphasizing the varying roles of mountain ridges acting as dispersal barriers 395 
across different taxonomic groups. Our findings demonstrate the potential to extend terrestrial 396 
plant and fungal eDNA detection from soil 66 and air  67 to freshwater systems. However, the 397 
lack of species detection of upper catchment species suggests that sampling only at river 398 
outlets limits the ability to assess full basin-level biodiversity. Thus, careful sampling design 399 
is essential. In particular, increased sampling density within individual drainage basins is 400 
necessary to capture basin-level species composition more accurately 60. Several challenges 401 
of sample plant eDNA remain, including incomplete DNA reference databases and the lack 402 
of universal primers 68. Although our study demonstrated that ITS2 is effective for taxa 403 
identification, we can only resolve the plant and fungi communities at genus and family level 404 
respectively. To optimise riverine eDNA for plant diversity studies, it is crucial to develop 405 
comprehensive reference databases, particularly for endemic species. Moreover, better 406 
detection rates could be achieved by combining ITS2 with plastid DNA barcodes, such as 407 
ribulose-bisphosphate carboxylase (rbcL)31. Last but not least, the eDNA approach offers an 408 
excellent opportunity to explore multi-taxon biodiversity patterns. Including freshwater 409 
organisms such as fish, with appropriate primers like Teleo02 69, could provide a more 410 
holistic understanding of biodiversity in the TRR region. 411 

 412 

Conclusion  413 

Our analyses of plant and fungi groups from riverine eDNA sampling reveal that using the 414 
ITS2 primer is sufficient to characterize the unique terrestrial plant and fungi communities in 415 
individual catchments. The habitat preference of the plant communities in eDNA samples 416 
indicates that sampling at the outlets of tributaries primarily captured mid-to-low elevation 417 
species and undersampled the upper catchments. Consistent with other genetic sampling 418 
methods20, our results demonstrate species composition and phylogenetic beta diversity 419 
patterns are spatially structured in the Three Rivers Region, with clear segregation between 420 
the major river valleys and along the latitudinal gradient within individual river valleys. After 421 



controlling the climate differences, only the plant community reveals a dispersal barrier 422 
associated with the Salween-Mekong divide, whereas the fungal community has not been 423 
limited by the major drainage divides in the TRR region. These findings highlight the 424 
dispersal barrier is taxa and location dependent, and this pattern will emerge only after 425 
controlling for the turnover associated with climatic differences affecting habitat. Our study 426 
offers a framework to disentangle the climate filtering process from dispersal limitation, 427 
providing a foundation for understanding how geographical configurations impact species 428 
range limits. Our eDNA approach paves the way for broader investigations of terrestrial plant 429 
and fungi groups using riverine eDNA, although further refinement of sampling methods and 430 
detection protocols would aid in optimising this technique. 431 
 432 

Methods 433 

Study area and sampling 434 

The study area, defined as the Three Rivers Region (TRR), extends from 98°E to 101°E and 435 
26.5°N to 30.2°N (Figure 1). This region includes the upper reaches of the Salween, Mekong, 436 
and Yangtze Rivers, which originate from the Tibetan Plateau. These rivers run in parallel in 437 
the TRR region, creating deep gorges up to 3000 m 35, and have nearest points within several 438 
tens of kilometres of each other. The majority of their tributaries run perpendicular to the 439 
main rivers, forming extensive alpine valley landforms. Within the defined study area, 440 
riverine environmental DNA (eDNA) samples were collected using a capsule filter from 441 
Darlly (https://darllyfiltration.com/) in May 2023 from 30 sites located at the outlets of 442 
tributaries of the Salween, Mekong, and Yangtze Rivers (Figure 1). Eight sites from the 443 
Salween and Mekong Rivers and 14 sites from the Yangtze River were sampled as the paired 444 
drainage basins on both sides of the mainstream. The sampling strategy was designed to 445 
minimise the influence of anthropogenic impact by avoiding highly impacted drainage basins. 446 
At each of the 30 sites, two replicates were collected from the outlet of each tributary. For 447 
each replicate, 20 litres of freshwater were filtered over approximately one hour. This 448 
systematic approach ensured comprehensive coverage of the riverine environments within the 449 
TRR. 450 
 451 

eDNA Extraction, amplification, sequencing  452 

The extraction of environmental DNA and amplification were both conducted in a dedicated 453 
laboratory. To control contamination in the extraction room, we included one extraction 454 
control by filtering tap water. We used the ITS2 primer designed by Banchi et al (2020) 455 
(forward: GAAYCATCGARTCTTTGAACGC; reverse: TCCTCCGCTTAKTGATATGC) 456 
that amplify a region of 317 base pairs on average (range 250 - 420 bp). The negative control 457 
in the amplification procedure showed no DNA template. 458 

The eDNA extraction protocol was modified from the DNeasy Blood & Tissue Kit (Qiagen, 459 
Germany. The filter containing the buffer solution was placed on the S50 shaker for thorough 460 



agitation. Next, the buffer solution was poured from the filter into a 50 mL centrifuge tube 461 
and centrifuged at 4500 G. Using enzyme-free pipette tips, the clear liquid was carefully 462 
removed from the surface, leaving 15 mL of liquid at the bottom of the tube. Anhydrous 463 
ethanol and 3 M sodium acetate were then added, and the mixture was stored overnight at -464 
20 °C. The centrifuge tube was inverted to mix the contents, followed by centrifugation at 465 
4500 G for 25 minutes, after which the supernatant was discarded. Next, 720 μL of Buffer 466 
ATL was added to each centrifuge tube, which was then agitated thoroughly for 1 minute. 467 
The resulting liquid was transferred into 2 mL centrifuge tubes. Proteinase K was added to 468 
each tube and the tubes were incubated in a 56 °C water bath. After incubation, the 469 
supernatant from the centrifuge tubes was transferred to new 2 mL centrifuge tubes, 470 
centrifuged at 13400 rpm, and the supernatant was transferred to new 2 mL centrifuge tubes. 471 
Following this, 500 μL of Buffer AL was added to each tube, mixed thoroughly, and 472 
incubated in a water bath for 10 minutes until the solution became clear. An equal volume 473 
(500 μL) of anhydrous ethanol was then added, mixed thoroughly, and briefly centrifuged. 474 
The liquid (700 μL at a time) was then pipetted and added to the spin column in multiple 475 
steps, centrifuged at 13000 rpm, and the centrifugate discarded after each step. This process 476 
was repeated until all the liquid had been centrifuged and discarded. The spin column was 477 
then washed by adding 500 μL of Buffer AW1, centrifuging for one minute at 13000 rpm, 478 
and discarding the centrifugate. This step was followed by the addition of 500 μL of Buffer 479 
AW2, centrifugation for three minutes at 17000 rpm, and discarding the centrifugate. Finally, 480 
the spin column was removed and placed in a new 1.5 mL centrifuge tube. To complete the 481 
eDNA extraction, 100 μL of Buffer AE was added to the centre of the membrane in the spin 482 
column and centrifuged for one minute at 13000 rpm. 483 

PCR amplifications were conducted in 96-well plates following a thermocycler protocol. This 484 
protocol included an initial denaturation step at 95 °C for 30 seconds, followed by 31 cycles 485 
of denaturation at 95 °C for 30 seconds, annealing at 47 °C for 30 seconds, extension at 72 °C 486 
for 45 seconds, and a final extension step at 72 °C for 5 minutes. The 25 μL PCR system 487 
included 12.5 μL 2 × Rapid Taq Master Mix P213 (Nanjing Vazyme Biotech Co., Ltd), 1 μL 488 
10 μM forward and reverse primers, 2 μL DNA template and 8.5 μL negative controls DEPC 489 
water. Amplification products were detected using 2% agarose gel electrophoresis, and equal 490 
volumes of these products were pooled. The pooled samples were then purified using 491 
VAHTS® DNA Clean Beads (N411, Vazyme Biotech Co., Ltd., China) protocol. Library 492 
construction was carried out with the VAHTS Universal DNA Library Prep Kit for Illumina 493 
V3 (Vazyme Biotech Co., Ltd., China) following the manufacturer’s protocol, and library 494 
concentration was determined using a Qubit fluorometer (Thermo Fisher Scientific, USA). 495 
The Illumina PE150 library underwent paired-end sequencing at the Illumina sequencing 496 
facility (Shanghai Biozeron Biotechnology Co., Ltd., China). 497 

Bioinformatic analyses 498 

The original Illumina paired-end sequencing data were merged using the fastq_mergepairs 499 
algorithm in VSEARCH. Sequences were then split by sample barcode using the 500 
barcode_splitter script (https://bitbucket.org/princeton_genomics/barcode_splitter). For each 501 



sample, reads were assembled with VSEARCH 70. Sequences were demultiplexed and 502 
trimmed based on forward and reverse primer sequences using Cutadapt 71 software, with a 503 
maximum mismatch error rate of 0.1. Identical sequences were dereplicated to calculate the 504 
abundance of each sequence. The clustering of sequences into amplicon sequence variants 505 
(ASVs) was performed using the SWARM algorithm with a minimum distance of one 506 
nucleotide (d = 1). Chimeras were checked and removed using the "--uchime_denovo" 507 
command in VSEARCH 70. Taxonomic assignment of ASVs was conducted with the ecotag 508 
tool from OBITOOLs 72, using a lowest common ancestor algorithm and a plant barcode 509 
reference database built from sequences and taxonomic information downloaded from NCBI. 510 
An in-silico PCR pipeline, utilising the algorithms obiconvert, ecopcr, obigrep, obiuniq, and 511 
obiannotate from OBITOOLs, was executed with the ITS2 primer. Parameters for the in 512 
silico PCR included a minimum length of 250 bp, a maximum length of 420 bp, and a 513 
maximum of 5 bp mismatches. 514 

Using the checklist of native species in Yunnan 73, we generated a barcode reference database 515 
exclusively for native species. Species annotation was prioritised at 100% sequence similarity 516 
and was performed solely at the species level. For ASVs that could not be annotated to the 517 
species level, a secondary annotation was conducted using the original barcode reference 518 
database. In this secondary process, sequences with 97% or higher similarity to the reference 519 
were identified at the species level, sequences with 95-97% similarity at the genus level, 520 
sequences with 90-95% similarity at the family level, and sequences with less than 90% 521 
similarity at the order level. For all ASVs with specific names, we used TaxonKit 74, a cross-522 
platform and efficient NCBI taxonomy toolkit 74, to load lineage information for each unique 523 
sequence. ASVs with lengths shorter than 250 bp or longer than 420 bp, not assigned to a 524 
plant and fungi group, or with an abundance frequency below 0.001 were removed to avoid 525 
tag-jump noise 67. The LULU algorithm 75 was then applied to clean ASVs, identifying errors 526 
based on sequence identity, abundance, and co-occurrence patterns. Each ASV was classified 527 
as a contaminant or not based on contamination signatures from previous studies. Only 528 
curated ASVs detected in more than 10 reads were retained. ASV reads from two replicates 529 
were assembled on the species checklist at each site. Finally, we chose the classes 530 
"Magnoliopsida" and "Pinopsida" as the plant group and divisions "Basidiomycota", 531 
"Ascomycota", "Chytridiomycota", "Mucoromycota", "Olpidiomycota", 532 
"Blastocladiomycota", "Zoopagomycota" as fungi group. We chose to focus on the entire 533 
fungi kingdom, rather than just macro-fungi, because only 53 macro-fungi species were 534 
detected across 18 sites, which was insufficient for identifying biodiversity patterns. 535 

Plant genera-level elevational information and fungi function types 536 

To understand the habitat preference for the plant and fungi species detected in the eDNA 537 
samples, we extract elevational preference for plants from flora and function types for fungal 538 
from published data. For plants taxa detected in the eDNA samples, we extract genus level 539 
elevational information from the flora of China 540 
(http://www.efloras.org/flora_page.aspx?flora_id=2) and local floras including Tibet, 541 
Sichuan, and Yunnan floras (Wu, 1986; Wu, 1987; Zhou, 1994; Wang, 1994). The elevation 542 



information includes maximum and minimal elevation preference at genus level. Then genus 543 
and family level elevation information was aggregated from these species level information. 544 
The elevation information covers 85%, 87%, and 84% of sampled plant sequences in the 545 
Mekong, Salween, and Yangtze respectively. We perform a density plot between the 546 
elevation in each drainage basin and the mean, minimal, and maximum elevation for sampled 547 
plant species in each drainage basin and compute the overlap density using the overlap 548 
function in the overlapping package 76. Besides, the functional type of fungal species was 549 
extracted from 58, including the arbuscular mycorrhizal (AM), ectomycorrhizal fungi (EcM), 550 
molds (Mold), nonmycorrhizal Agaricomycetes (AgarNM; mainly saprotrophic macrofungi), 551 
nonsymbiotically biotrophic group on a wide variety of organisms (Path), yeasts (Yeast), 552 
nonyeast unicellular fungi (Unicell), and opportunistic human pathogens (OHP). We 553 
extracted family-level taxonomic information and matched it with the corresponding 554 
functional types.  555 

Plant and fungi taxonomic and phylogenetic diversity 556 

The genus level vascular plant phylogeny was derived from Dimitrov et al., 2023 77, 557 
including 135 genera in angiosperm and four genera (i.e., Pinus, Abies, Cupressus, and 558 
Torreya) in gymnosperm. For the fungi phylogeny, we derived family level fungi phylogeny 559 
from Li et al 78 which includes 68 families. We choose genus level for plant and family level 560 
for fungi as it could better represent evolutionary history and has good enough resolution to 561 
capture more taxa. In the OTU table, the taxonomic level under genus and family level in 562 
plant and fungi was merged into the genus and family level, respectively. For the OTU table 563 
can only be assigned into the higher level, we choose one genus or family within a certain 564 
clade to represent the family or genus. This approach is based on the hypothesis that each 565 
genus or family forms a clade (a monophyletic group) where species have diverged from their 566 
common ancestor over the same period in the phylogeny. Therefore, the choice of one species 567 
over another does not modify the phylogenetic turnover pattern (Rozanski et al. 2022). We 568 
calculated the pairwise Sorensen dissimilarity for both taxonomic diversity and phylogenetic 569 
beta diversity.  These beta diversity metrics only consider the presence/absence of each ASV 570 
in certain basin and were computed in the phylo_beta and beta_diss function for phylogenetic 571 
and taxonomic diversity respectively in the phyloregion package in R 79.  572 

 573 

Beta diversity and PCoA analyses 574 

We performed the two-dimensional Principal Coordination Analysis (PCoA) based on a 575 
Sorensen beta matrix using the pcoa function in the ape package 80.  We then extracted the 576 
first two axes of the PCoA to calculate dissimilarity and computed ellipses for the ordination 577 
plot with stat_ellipse function from ggplot2 v.3.5.0 81 considering a multivariate t-distribution 578 
at the 0.95 level. The PCoA results are also visualized spatially for the first two axes of PCoA 579 
analysis. The PCoA analyses are computed and visualized for both phylogenetic and 580 
taxonomic Sorensen beta diversities.  581 



Climate variables  582 

We obtained 31 bioclimatic variables from 1981 to 2010 from the CHELSA climate model 82. 583 
Climate layers in this model include a wide range of biologically important variables for 584 
plants. We extract climate values for sampled drainage basins and computed principal 585 
components from the correlation matrix of these climate layers (Fig. S7). The first two axes 586 
of the PCA capture more than 80% of variation in the sampling drainage basins. We extract 587 
the scores from the first two axes in the PCA for each sampling basin and use them for the 588 
generalized dissimilarity model. This method should include sufficient climate variables to 589 
accurately reflect energy and water availability constraints and also ensures the dimension of 590 
orthogonal climate axes. We also computed the climate variable for the sub-basins where the 591 
area is over the sampling points of 1000m to conduct the sensitivity analyses and this 592 
approach does not change the model results. 593 
 594 
 595 

Generalized dissimilarity model within and across divide  596 

A generalized dissimilarity model (GDM; 83,84 was used on the Sorensen dissimilarity matrix 597 
for both phylogenetic and taxonomic beta diversity to build the climate driven GDM model. 598 
In the GDM, we split drainage basin pairs into background pairs and testing pairs. We first 599 
select pairs not crossing main drainage divides and within river valleys (i.e. Salween, 600 
Mekong, and Yangtze River valleys) to construct the null model. The assumption of the null 601 
model is that only climate and geographic distance impact the beta diversity within river 602 
valleys. The climate distance was calculated from PC1 and PC2 from the PCA analyses. The 603 
geographic distance was computed from the sampling coordinates directly. The GDM was 604 
implemented using the gdm package in R with a spline and knot of 3 84. After calibrating the 605 
dissimilarity model for all pairs within river valleys, we used the model to predict turnover 606 
for pairs that lie on either side of the Salween-Mekong divide, the Mekong-Yangtze divide, 607 
or the Salween-Mekong-Yangtze divide. This prediction represents the beta diversity purely 608 
due to climate change between sites. Finally, we compared the observed beta and the beta 609 
diversity from this model. Any observed beta diversity that is significantly higher than the 610 
predicted beta diversity is regarded as being due to the barrier effect of the major drainage 611 
divides. We used the Wilcoxon t-test to test if there is a significant difference between the 612 
observed and predicted beta diversity as this test uses the rank based test and without the 613 
assumption of a normal distribution 85.  614 
 615 

Topographic analyses 616 

Averaged topographic swath profiles corresponding to the elevation of a west-to-east transect 617 
across the TRR region. Each swath was taken connecting the sampling basins in each river 618 
valley, crossing Salween, Mekong, and Yangtze rivers. In total, four swath profiles were 619 
made to report topographic change in the north, middle and south of the TRR region.  620 
 621 
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Appendix 894 

 895 
 896 
Figure S1. sampling location and sampling name 897 
 898 
 899 



 900 
Figure S2. heatmap for the plant genera that are detected from sampling locations 901 



 902 
Figure S3. heatmap for the fungi families that are detected from sampling locations 903 
 904 
 905 



 906 
 907 

 908 
Figure S4 Species composition of vascular plants and fungi on biplot maps and pcoa 909 
ordinary plots based on Sorensen taxonomic beta diversity. Figures (a) and (c) represent the 910 
spatial distribution of the first two PCoA axes in plants and fungi, respectively; colour 911 
gradients highlight the species composition difference between different drainage basins. 912 
Black lines represent the river valleys and grey lines represent mountain ridges. S 913 
represents the Salween River, M represents the Mekong River, and Y represents the 914 
Yangtze River. The second column represents the PCoA ordination of species composition 915 
in the Salween, Mekong and Yangtze Rivers. The colour of the points corresponds to the 916 
color in the drainage basins in the left panel. Circles represent the Mekong River, triangles 917 
the Salween River, and squares the Yangtze River. Data ellipses were computed for the 918 
ordination plot considering a multivariate t-distribution with a 0.95 level. The silhouette 919 
images were derived from phylopic (https://www.phylopic.org). 920 
 921 
 922 



 923 
Figure S5. Elevation density plots with the sampled genus and family level mean elevation 924 
preference (pink) and drainage basins elevation range (grey), in all sampling sites across 925 
Salween, Mekong and Yangtze Rivers.  926 
` 927 

 928 
Figure S6. Elevation density plots with the sampled genus and family level minimal elevation 929 
preference (pink) and drainage basins elevation range (grey), in all sampling sites across 930 
Salween, Mekong and Yangtze Rivers.  931 
 932 
 933 



 934 
Figure S7. The climate conditions in terms of growing degree days (gdd; a) and precipitation 935 
at driest month (bio14, b) in the TRR region. The units of gdd is oC day, and the units of 936 
bio14 is kg m-2 month-1. 937 
 938 
 939 
 940 
 941 

 942 



 943 
Figure S8. The comparison between climate and geographic distance predicted taxonomic 944 
beta diversity versus observed phylogenetic beta diversity across different mountain ridges 945 
in both plant (a) and fungi (b) communities. Note that M_S represents the Salween-Mekong 946 
drainage divide; M_Y represents the Mekong-Yangtze divide; and S_Y represents the 947 
Salween-Mekong-Yangtze divide. Star signs represent the significance level from Wilcox 948 
comparison (i.e. p<0.001***; p<0.01**; p<0.05*) 949 
 950 
 951 
Table S1. the summary of detected species 952 

  Kingdom Phylum Class Order Family Genus Species subspecies 
no 

rank   

  Plant 8     33 139 105 7     

  Fungi 3 10 7 87 76 111   5   

                      
 953 
 954 
 955 
 956 
 957 
Table S2. The top five plant families in different river valleys 958 
 959 

  Salween Mekong Yangtze   

  Family  prop Family  prop Family  prop   

 Urticaceae 9.0 Fabaceae 7.5 Fabaceae 14.9  

 Betulaceae 6.0 Asteraceae 7.5 Poaceae 11.9  

 Araliaceae 6.0 Urticaceae 6.0 Asteraceae 9.0  

 Saxifragaceae 4.5 Poaceae 6.0 Urticaceae 6.0  

  Rosaceae 4.5 Betulaceae 6.0 Rosaceae 6.0   

                

 960 
 961 
 962 
Table S3. The top five functional groups of fungal communities in different river valleys. 963 
Func_group represents the functional group, Prop represents the proportion of these 964 
functional groups. The abbreviation shows arbuscular mycorrhizal (AM), ectomycorrhizal 965 
fungi (EcM), molds (Mold), nonmycorrhizal Agaricomycetes (AgarNM; mainly saprotrophic 966 



macrofungi), nonsymbiotically biotrophic group on a wide variety of organisms (Path), yeasts 967 
(Yeast), nonyeast unicellular fungi (Unicell), and opportunistic human pathogens (OHP). 968 
 969 
 970 

           
Salween Mekong Yangtze 

Func_group Prop Func_group Prop Func_group Prop 
Path 28.6 Path 30 Path 28.8 

Unicell 17.2 Unicell 25.6 Unclassified 18.7 
Unclassified 16.8 Unclassified 21.1 Unicell 18.3 

Yeast 13 OHP 8.9 OHP 13 
AgarNM 12.6 AgarNM 7.8 AgarNM 8.2 

            
 971 
 972 
Table S4, the summary of generalized dissimilarity model for both plant and fungi 973 
communities 974 

  explained 
deviance(%) 

first 
predictor coefficient second 

predictor coefficient third 
predictor coefficient 

plant 
phylobeta 13.55 PC2 0.44 PC1 0.11 distance 0 

fungi 
phylobeta 6.21 PC2 0.40 PC1 0.03 distance 0 

plant 
taxon 
beta 

17.98 PC2 0.78 PC1 0.24 distance 0 

fungi 
taxon 
beta 

7.11 PC2 0.61 PC1 0.08 distance 0 

                
 975 
 976 


