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 30 

Abstract 31 

Fish are essential to the functioning of aquatic ecosystems, but changes in land use and increasing 32 

hydropower development are placing freshwater ecosystems under stress. Bhutan supports 33 

relatively pristine mountain river ecosystems, but information on fish diversity is still limited. Fish 34 

sampling is largely based on conventional methods and may underestimate the presence of small 35 

or rare species. Environmental DNA (eDNA) metabarcoding offers an effective approach for 36 

determining species composition over a large river segment. This study assessed current 37 

knowledge on fish composition by comparing eDNA metabarcoding data with checklist data from 38 

three river basins in Bhutan. The match between the checklist and the eDNA detections was high 39 

in the Punatsangchhu and Wangchhu basins, and low in the Drangmechhu basin, where the eDNA 40 

metabarcoding detected the genus Amblypharyngodon, which may represent a new occurrence in 41 

the country. Overall, eDNA reliably reflects spatial patterns of diversity, with decreasing species 42 

richness as the elevation and river segment steepness increase and different fish assemblages in 43 

isolated basins. These findings demonstrate the effectiveness of eDNA metabarcoding, where 44 

knowledge of the distribution of fish is still limited. Repeated sampling and improvements in 45 

reference databases are needed to improve taxonomic resolution and the accuracy of the detection. 46 

Keywords: Bhutan, checklist, eDNA, river basin, metabarcoding, reference databases 47 

Introduction 48 

Freshwater ecosystems are among the most biodiverse on the planet, supporting a disproportionate 49 

share of global species richness relative to their limited spatial extent (Dudgeon et al. 2006, Reid 50 

et al. 2019). This exceptional diversity arises in part because many freshwater species are habitat 51 

specialists, confined to aquatic environments and rarely able to disperse across terrestrial barriers, 52 

except during flooding events or via the transport of their eggs by birds (Peirson et al. 2008, Yao 53 

et al. 2024). The hydrological dynamics of freshwater systems – characterized by cycles of 54 

connection and disconnection – can promote high levels of endemism and species turnover by 55 

facilitating both dispersal during wet phases and isolation during dry phases (Tonkin et al. 2018). 56 

Yet the features that make freshwater habitats unique also render them highly vulnerable. 57 

Occupying less than 1% of Earth’s surface, freshwater environments are heavily affected by 58 

anthropogenic pressures, including pollution, habitat modification, overexploitation, and 59 

biological invasions (WWF 2020). Rivers, for example, are included within agricultural, industrial, 60 

and urban landscapes, acting as conduits for nutrient enrichment, chemical contamination, and 61 

sedimentation (Vörösmarty et al. 2010). Channelization and flow regulation for flood control, 62 

irrigation, and hydropower further alter habitat structure, connectivity, and ecological processes 63 

(Winemiller et al. 2016, Grill et al. 2019). Invasive species pose an additional major threat; the 64 

widespread introduction of non-native trout species has led to severe declines or local extinctions 65 

of native freshwater fauna through competition, predation, and hybridization (Bernery et al. 2022). 66 

Despite these pressures that are driving the decline worldwide, freshwater biodiversity in 67 

mountainous headwaters often remains relatively intact and constitutes critical refugia for 68 

conservation (Colvin et al. 2019). However, these areas remain underrepresented in biodiversity 69 

assessments due to logistical challenges, leading to substantial knowledge gaps in the spatial 70 



distribution of species and the processes sustaining them. Addressing these gaps is essential to 71 

inform effective protection strategies in the face of accelerating global change. 72 

Topographically complex mountain regions often harbour high levels of freshwater fish 73 

endemism, with many species restricted to single river basins or even short stretches of streams 74 

(Abell et al. 2008). While high-elevation zones are generally too cold to sustain diverse fish 75 

assemblages, mid-elevation rivers form biodiversity hotspots, where milder temperatures coincide 76 

with high habitat heterogeneity and natural dispersal barriers. Such hotspots are found, for 77 

example, in the Andean foothills, the Eastern Himalayas, and parts of the Indo–Burma region 78 

(Jézéquel et al. 2020). The inaccessibility of many mountain rivers has historically limited 79 

scientific exploration, resulting in some of the poorest-described freshwater faunas on Earth 80 

(Tedesco et al. 2017). However, even remote mountain catchments are increasingly threatened by 81 

human infrastructure. Global decarbonisation efforts have accelerated hydropower expansion, 82 

leading to unprecedented dam construction in biodiversity-rich rivers. In the Himalaya, for 83 

example, hundreds of new hydropower projects are planned or underway (Ziv et al. 2012, 84 

Grumbine and Pandit 2013). Such developments alter flow regimes, fragment habitats, block 85 

migration routes, and disrupt sediment and nutrient transport, with severe consequences for fish 86 

populations and riverine ecosystems (Poff and Hart 2002, Winemiller et al. 2016). In the absence 87 

of robust biodiversity data, the evidence base needed to challenge or mitigate these projects is 88 

often lacking. Comprehensive documentation of mountain river fish diversity is therefore essential, 89 

not only to identify and protect remaining free-flowing rivers, but also to inform mitigation 90 

strategies that reduce ecological impacts where development proceeds. 91 

Environmental DNA (eDNA) metabarcoding has emerged as a powerful tool for biodiversity 92 

assessment, offering a non-invasive and highly efficient alternative to traditional survey methods 93 

such as electrofishing or netting (Deiner et al. 2017). For fish monitoring, eDNA can provide rapid, 94 

broad-scale inventories by filtering large volumes of water through a filter or capsule, followed by 95 

simple storage at room temperature, using a specific preservation buffer. DNA is then extracted, 96 

amplified by universal primers and sequenced with high-throughput sequencing (Miya 2022) . 97 

This approach allows species compositions across river stretches to be detected with minimal 98 

disturbance to habitats or organisms. Applications span a wide range of systems, from large 99 

tropical rivers such as the Magdalena to small mountain streams, demonstrating its versatility 100 

across geographic and ecological contexts (Manandhar et al. 2023).  101 

One major limitation, however, lies in the incompleteness of genetic reference databases, which 102 

can result in ambiguous identifications, taxonomic misassignments, or sequences that remain 103 

unidentified beyond higher taxonomic ranks (Weigand et al. 2019, Marques et al. 2021). Even in 104 

the absence of complete reference libraries, genetic clustering methods allow species richness 105 

estimation by grouping sequences based on genetic divergence, thus enabling counts of putative 106 

species without formal taxonomic names (Taberlet et al. 2018). For example, one can estimate the 107 

number of distinct fish species detected within a given genus based on genetic diversity assigned 108 

to this genus. By comparing these counts to known species lists for a region, it becomes possible 109 

to estimate the completeness of biodiversity knowledge: if eDNA detects more genetic clusters 110 

than the number of described species in that genus from the checklist, this may indicate the 111 

presence of undescribed or cryptic taxa. Despite its potential, eDNA-based approaches to directly 112 

assess the state of taxonomic knowledge in a given area remain underexplored. Integrating such 113 



analyses into biodiversity surveys could not only improve species inventories but also help 114 

prioritize regions for further taxonomic work, particularly in poorly studied freshwater systems. 115 

Bhutan’s freshwater ecosystems span an exceptional elevational gradient, from lowland foothills 116 

at approximately 53 m to elevation exceeding 5000 m, and host a rich ichthyofauna (Wangmo et 117 

al. 2023). Yet much of this biodiversity remains poorly documented, and the ecology of many 118 

native species is largely unknown. Systematic taxonomic studies have only recently gained 119 

momentum, primarily through academic initiatives. The first record of freshwater fish from Bhutan 120 

was reported by McClelland (1839) from the 1835 Boutan (sic) expedition of William Griffith. 121 

Fish inventories have grown steadily with an increasing number of sampling missions. For 122 

example, Dubey (1978), Dhendup and Boyd (1994), and Petr (1999) recorded 47 species, Bhattarai 123 

and Thinley (2005) 52 species, Gurung et al. (2013) 91 species, and Gurung and Thoni (2015) 109 124 

species. The Biodiversity Statistics of Bhutan reported 125 species in 2019 (Gyeltshen et al. 2019) 125 

and estimated the occurrence of approximately 180 species in the country (Dorji et al. 2025). 126 

However, there remain many taxonomic uncertainties in the species determination (Dorji et al. 127 

2025). Given these uncertainties and the likelihood that current checklists underestimate true 128 

diversity, comprehensive surveys across Bhutan’s freshwater habitats are needed to refine species 129 

distributions, resolve taxonomic ambiguities, and guide conservation planning. 130 

This study aims to evaluate the effectiveness of eDNA metabarcoding for assessing freshwater 131 

fish diversity in Bhutan. We selected six districts for eDNA sampling (i.e., Wangduephodrang, 132 

Chhukha, Dagana, Tsirang, Mongar and Lhuntse) within three major river basins (i.e., Wangchhu, 133 

Punatshangchhu and Drangmechhu). Each selected basin contains major hydropower dams, and 134 

we collected eDNA samples from the main river and associated streams along the dam sites. We 135 

compared the taxa detected from eDNA metabarcoding with the state of knowledge based on a 136 

checklist. Specifically, we addressed the following questions: (i) How complete is the knowledge 137 

of fish composition in different catchments of Bhutan, and can eDNA detect taxa that are known 138 

from these areas? (ii) can eDNA reliably capture spatial patterns of fish assemblages across 139 

environmental gradients? (iii) Which environmental factors drive variation in fish assemblages 140 

among three watersheds? By addressing these questions, this study seeks to clarify the strengths 141 

and limitations of eDNA-based approaches and their potential application in freshwater 142 

biomonitoring and conservation planning. 143 

Material and Methods 144 

Studied river basin and field sampling  145 

We collected eDNA samples between October 2023 and January 2024 in three major river basins 146 

in Bhutan, namely Wangchhu, Puntsangchhu and Drangmechhu (Fig. 1). Sample sites were 147 

distributed across six districts within the basin from Wangduephodrang, Chhukha, Dagana, 148 

Tsirang, Mongar and Lhuntse, spanning both the main rivers and their tributaries. The eDNA 149 

sampling mission in the Drangmechhu river basin was part of the environmental and social impact 150 

assessment (ESIA) of the proposed Dorjilung hydroelectric project (DGPC 2025). The samples 151 

were taken from the fastest flowing parts of rivers or streams accessible from the shore (Lyet et al. 152 

2021). The eDNA sampling involved in situ water filtration over 1–2 hours per site, filtering 30–153 

60 L of water using peristaltic pumps to transfer water through a large filter fitted with disposable 154 

sterile tubing (Chacko et al. 2023, Sherub et al. 2026). In total, we collected 104 samples from 52 155 



locations (2 replicates per location). There are 28 sites in the Punatsangchhu area, 11 in Wangchhu 156 

and 13 in the Drangmechhu area. After filtration, each filter was filled with 50 ml of Longmire 157 

buffer solution to preserve the sample and stored at room temperature until processing.  158 

 159 

Fig. 1. Study area. A) Global map of South Asia showing the location of Bhutan; B) Map of Bhutan 160 

showing study areas ─ three major river basins with eDNA sampling sites and districts (red 161 

boundary) where checklist data for fish were compiled. 162 

Laboratory analyses 163 

The filtration capsule, containing 50 ml of Longmire buffer, was agitated for 15 minutes on an S50 164 

shaker at 800 rpm, and 30 ml were used for DNA extraction. We followed the extraction methods 165 

outlined in Pont et al. (2018), Fernández et al. (2021) and Sherub et al. (2026), using a combination 166 

of the DNeasy Blood & Tissue Extraction Kit (Qiagen) and NucleoSpin®Soil kit (MACHEREY-167 

NAGEL GmbH & Co.). The extractions were performed in a dedicated sterile laboratory equipped 168 

with a negative air pressure environment to prevent any sample contamination during the 169 

extraction process. For each extraction, an extraction blank was included using nuclease-free water 170 



alongside the samples to serve as a negative control. A total of seven extraction blanks were 171 

included, corresponding to the seven extraction batches.  172 

We then amplified the extracted DNA using the teleo primer set targeting the mitochondrial 12S 173 

rRNA gene in fish (TeleoL1848F 5′- ACACCGCCCGTCACTCT-3′; TeleoH1913R 5′- 174 

CTTCCGGTACACTTACCATG-3′) (Valentini et al. 2016). We performed eight PCR replicates 175 

for each DNA extract and DNA extraction negative control. Additionally, one PCR negative 176 

control containing nuclease-free water was included to monitor potential contamination during 177 

PCR amplification. We ran the PCRs at a final reaction volume of 25 μL as follows: 12.5 μL of 178 

AmpliTaq Gold 360 master mix (Applied Biosystems, Waltham, MA, USA), 0.75 μL of each 179 

0.3 μM primer mix, 1 μL of 4 μM human-blocking primer, 2.5 μL of 0.2 μg/μL Bovine Serum 180 

Albumin (BSA; Thermo Scientific, Waltham, MA, USA), 1.25 μL of 5% dimethyl sulfoxide 181 

(DMSO; Thermo Scientific Pierce), 3.25 μL of molecular grade water, and 3 μL of DNA extract. 182 

To check for potential contamination during PCR, we included negative controls alongside the 183 

samples. We applied an initial enzymatic activation at 95 °C for 10 minutes when running the 184 

PCRs, followed by 40 cycles consisting of denaturation at 95 °C for 30 seconds, annealing at 52 185 

°C for 30 seconds, and elongation at 72 °C for 30 seconds. We conducted the final elongation at 186 

72 °C for 5 minutes. We pooled all the PCR replicates for each sample and analysed the pooled 187 

samples using agarose gel electrophoresis. 188 

Following the manufacturer’s protocol, an index PCR was performed using Nextera XT v2 189 

adapters (Illumina, San Diego, CA, USA). Using the fluorescent dsDNA BR Qubit assay 190 

(Invitrogen, Waltham, MA, USA) and the Spark M10 plate reader (Tecan, Männedorf, 191 

Switzerland), we quantified all samples with both methods before normalizing and pooling them 192 

into a single library. Sequencing was performed using the MiSeq Reagent Kit v3 (2x151 bp; 193 

Illumina) for paired-end sequencing at a theoretical sequencing depth of 200,000 reads per sample, 194 

generating an amplicon of approximately 320 bp that included the target sequence, primers and 195 

adapters. 196 

Data filtering and quality control 197 

Following sequencing, the sequences were already demultiplexed. We trimmed the primers using 198 

cutadapt v5.3, allowing for two mismatches (Martin 2011). Then, we performed quality filtering 199 

by removing all reads with more than two expected errors and cutting sequences when the quality 200 

dropped below eleven based on the Phred scores of the reads, using the FilterAndTrim function 201 

from the R package dada2 v1.26.0 (Callahan et al. 2016). The quality threshold (truncQ = 11) was 202 

chosen to ensure high-quality read retention, providing more stringent filtering than the dada2 203 

default (truncQ = 2). We produced amplicon sequence variants (ASVs) using the dada2 function 204 

implemented in dada2, and subsequently removed sequences identified as chimeras using the 205 

removeBimeraDenovo function with the consensus method (also in dada2). We then assigned each 206 

ASV taxonomically, using the ecotag function from the OBITools toolkit (v1), against a reference 207 

database generated from MIDORI2 using CRABs v1.0.0 (Jeunen et al. 2023). We validated 208 

sequence assignments from ecotag for a given taxonomic level only if the following conditions 209 

were met: species (match = 100%), genus (90% ≤ match < 100%), and family (85% ≤ match < 210 

90%) (Juhel et al. 2020).   211 

Checklist data 212 



We compiled checklist data for the three river basins studied to provide a reference framework for 213 

interpreting eDNA detections. Species occurrence records were compiled for the districts of eDNA 214 

sampling sites and upstream river catchments, encompassing a total of 10 districts (Fig. 1B) from 215 

multiple sources to maximize coverage and reliability. These included published taxonomic 216 

surveys (Gurung et al. 2013, Norbu et al. 2021, Sagar et al. 2023), a pictorial guidebook (Gurung 217 

and Thoni 2015) and a curated online database, i.e., FishBase (Froese and Pauly 2025).  To further 218 

strengthen the dataset, additional records were obtained from datasets maintained by experts based 219 

on long-term research and monitoring efforts. These expert-validated records help fill spatial and 220 

temporal gaps not captured in the published literature and database. Species distributions were 221 

further cross-checked with sources to ensure consistency and to minimize potential omissions. We 222 

standardized all species names according to current taxonomic consensus. Synonyms, outdated 223 

nomenclature and taxonomic ambiguities were resolved following Eschmeyer’s Catalog of Fishes 224 

(Fricke et al. 2026), ensuring uniformity across the compiled checklist. This harmonized and 225 

curated species inventory provided a robust baseline for the state of knowledge on fish 226 

composition. 227 

Assessment of unknown taxa and comparisons 228 

To minimize the false-positive detections due to contamination, taxa assigned to ASVs were 229 

removed when read counts in negative controls exceeded those in the corresponding samples but 230 

retained when the control read counts were ≤20 reads. For downstream analyses, ASVs were 231 

clustered at 2% pairwise genetic distance threshold due to the presence of a large number of genus-232 

level assignments from DADA2 pipeline. Each cluster was treated as a putative taxon and referred 233 

to as a taxonomic unit.  A curated fish reference database for teleo marker region was compiled 234 

using sequences obtained from MitoFish, MIDORI2, and GenBank release 265, and processed 235 

using the CRABS pipeline (Jeunen et al. 2023). Barcode coverage was evaluated for taxa recorded 236 

in the studied river basin. eDNA-derived taxonomic units were subsequently compared against 237 

both national level checklist records and the reference database to evaluate taxonomic 238 

representation and identify potentially undocumented diversity. 239 

Environmental drivers of alpha diversity 240 

To assess environmental effects on alpha diversity through eDNA metabarcoding, we modelled 241 

ASVs richness (number of unique ASVs) and taxonomic unit richness (derived after clustering) as 242 

a function of key environmental and anthropogenic predictors. Predictor variables included: (i) 243 

elevation (m a.s.l.), representing the combined influence of temperature on fish communities 244 

(ICIMOD 2011); (ii) Annual mean precipitation (mm/yr) (Karger et al. 2021); (ii) river segment 245 

steepness (m/km), as a proxy for hydrological energy, habitat heterogeneity, and potential dispersal 246 

barriers; and (iii) human presence, measured as the distance to human settlements and distance to 247 

road (BBP 2026). Prior to model fitting, multicollinearity among predictors was evaluated using 248 

Variance Inflation Factor (VIF) (Naimi 2023; Table S1). As all predictors showed acceptable VIF 249 

values (<10) (Table S1), we implemented GLMs with a negative binomial distribution error and a 250 

log link function to account for the overdispersion using the R package MASS (Venables and 251 

Ripley 2002, Veron et al. 2023). River basin was included as a fixed effect to account for spatial 252 

differences among sampling regions. 253 

Beta diversity 254 



Differences in ASVs and taxonomic units from eDNA metabarcoding among three watersheds 255 

were assessed using permutation multivariate analyses of variance (PERMANOVA) with 999 256 

permutations (Anderson 2017). To examine and visualize the compositional dissimilarity between 257 

the watersheds, we computed β-diversity based on the presence-absence Jaccard dissimilarity 258 

index using the R package betapart v4.3.3 (Baselga and Orme 2012, Baselga et al. 2023), followed 259 

by principal coordinates analyses (PCoA) utilizing the R package ade4 (v4.3.2; Dray and Dufour 260 

2007). Additionally, we performed a generalized dissimilarity modelling (GDM) approach by 261 

using the Jaccard dissimilarity matrix to explore the main drivers of compositional turnover among 262 

sampling sites using the ‘gdm’ R package (Ferrier et al. 2007). The same predictor variables used 263 

in the alpha diversity analyses were included, along with geographic distance to assess the 264 

influence of pairwise spatial separation of community dissimilarity.  265 

Results 266 

Taxonomic assignment and checklist records 267 

A total of 5,201,169 sequence reads with 62 unique ASVs were obtained after quality filtering 268 

steps and removal of false positives in eDNA reads. Clustering of these ASVs based on the 2% 269 

genetic divergence threshold resulted in 50 taxonomic units, where each taxonomic unit is 270 

considered as representing a different taxon. In the basin of Punatsangchhu, we recorded the 271 

highest taxonomic unit richness (n = 42), followed by Wangchhu (n = 28) and Drangmechhu (n = 272 

13; Fig. 2). Overall, in Punatshangchhu we detected the highest number of unique taxonomic units 273 

(n = 17), followed by Drangmechhu (n = 4), and Wangchhu (n = 4; Fig. S1). A total of eight 274 

taxonomic units were shared among all watersheds. Wangchhu shared 17 taxonomic units with 275 

Punatshangchhu, but none with Drangmechhu, while Drangmechhu shared only a single 276 

taxonomic unit with Punatshangchhu. 277 



 278 

Fig. 2. Number of amplicon sequence variants (ASVs) and corresponding taxonomic units per fish 279 

genus across three major river basins in Bhutan: Drangmechhu, Punatshangchhu and Wangchhu. 280 

Red triangles represent the number of unique ASVs, whereas blue circles indicate the number of 281 

corresponding putative taxonomic units after clustering at 2% pairwise genetic distance threshold. 282 

The compiled checklist from the studied river basins comprised 107 species distributed under 57 283 

genera and 21 families. Of these, 49 (46 %) species were represented in the available reference 284 

database, meaning they are theoretically detectable at species-level using eDNA metabarcoding, 285 

whereas 58 species lacked barcode representation, meaning they are not detectable at the species-286 

level but might be detectable at genus-level if other conspecifics are sequenced (Fig. 3). The 287 

checklist revealed considerable variation in taxonomic composition among river basins, with 288 

Punatsangchhu supporting the highest recorded taxa (n = 74), followed by Wangchhu (n = 62), 289 

while comparatively fewer taxa were documented from Drangmechhu basin (n = 10).  290 



 291 

Fig. 3: Presence-absence of fish composition across studied river basins of Bhutan: Drangmechhu 292 

(Drang.), Punatshangchu (Punat.) and Wangchhu (Wang.). These checklists were compiled for the 293 

districts of eDNA sampling sites and upstream river catchments, encompassing a total of 10 294 

districts (Fig. 1). Tick mark (✓) indicates the presence and cross mark (x) indicate the absence of 295 

the taxa within each river basin. Blue cells denote the species represented in the DNA barcode 296 

reference database, whereas grey cells indicate species lacking barcode representation.  297 

Assessment of unknown taxa and comparison 298 

The genus-level richness in Punatshangchhu and Wangchhu was generally higher in checklist 299 

records than eDNA metabarcoding (paired Wilcoxon signed-rank tests, P < 0.001), whereas 300 

Drangmechhu showed no consistent directional differences (paired Wilcoxon signed-rank test, P 301 

> 0.05; Fig. 4 & Fig. S2). Despite the relatively low overlap of genus-level richness, eDNA 302 

metabarcoding detected several genera that were absent from the checklist within a specific basin, 303 

although these genera were recorded in other basins, thereby uncovering potentially undocumented 304 

regional diversity. In Drangmechhu, eight genera, each represented by a single eDNA-derived 305 

taxonomic unit, were detected. In Punatshangchhu, five genera, each with one taxonomic unit, 306 

were detected. Furthermore, eDNA revealed one additional taxonomic unit each within the genus 307 

Pethia and Botia, and two additional taxonomic units for Acanthocobitis. In Wangchhu, six genera, 308 

each with a single taxonomic unit were detected. 309 



eDNA metabarcoding detected several taxa suggesting potentially unknown diversity in the 310 

country. Three genera such as Acipenser, Amblypharyngodon, and Pangasianodon, each 311 

represented by a single taxonomic unit, were absent in checklist records (Fig. 4). Although 312 

Acipenser was introduced into aquaculture in Bhutan, its presence in natural river systems had not 313 

previously been documented, making its record in the Punatshangchhu basin in this study the first 314 

record for the country. Amblypharyngodon was only recorded from Wangchhu basin and may 315 

likewise represent a potentially novel record. Pangasianodon was recorded from all three river 316 

basins; however, because pangasiid fishes are imported into Bhutan primarily as frozen food for 317 

human consumption, these detections may reflect DNA originating from kitchen or market wastes 318 

discharged into rivers. The checklist records include one documented species for the genus 319 

Acanthocobitis (i.e., Acanthocobitis botia Hamilton), while our eDNA metabarcoding analysis 320 

recovered three distinct taxonomic units assigned to Acanthocobitis. Further, Acanthocobitis botia 321 

is not sequenced in the reference database, suggesting that the three eDNA taxa could indicate the 322 

presence of undescribed diversity within this genus. 323 

 324 

Fig. 4. Comparison of genus-level taxonomic richness between checklist records and eDNA 325 

metabarcoding across Drangmechhu, Punatshangchhu and Wangchhu river basins of Bhutan. Each 326 

bar represents the richness within each genus, where green bars indicate shared richness between 327 



checklist and eDNA datasets, orange bars represent checklist-only diversity, and blue bars 328 

represent eDNA-only diversity. The three highlighted genera are those which are absent from the 329 

checklist records but detected using eDNA metabarcoding.  330 

Environmental drivers of alpha diversity 331 

ASVs and taxonomic unit richness from eDNA per sampling point varied across three watersheds, 332 

where Punatsangchhu showed several sites with taxa richness values exceeding 20 (Fig. S3). The 333 

GLM results showed that the elevation and river segment steepness significantly influenced the 334 

taxa richness in both cases across three watersheds (Table S2). For ASVs, elevation had a strong 335 

negative effect (Estimate = -0.47, p < 0.001), indicating a decline in taxa richness with increasing 336 

elevation. Similarly, river segment steepness showed a significant negative relationship (Estimate 337 

= -0.25, p < 0.01), indicating reduced taxa richness at steeper river segments. A similar pattern 338 

was observed for taxonomic unit richness, where elevation showed a highly negative effect 339 

(Estimate = -0.52; p < 0.001), while river steepness also negatively influenced the richness 340 

(Estimate = -0.23; p < 0.01).  341 

 342 

Beta diversity 343 

  344 

There were significant differences in ASV and taxonomic unit composition among the three 345 

watersheds (PERMANOVA: ASVs,  F = 12.04, R² = 0.33, p = 0.001; taxonomic unit, F = 12.62, 346 

R² = 0.340, p = 0.001). Pairwise beta diversity indicated the highest dissimilarity between 347 

Drangmechhu and Wangchhu at both the ASV (βjac = 0.95) and taxonomic levels (βjac = 0.94), 348 

followed by Drangmechhu and Punatshangchhu (ASV: βjac = 0.93; taxonomic unit: βjac = 0.90) 349 

and Punatshangchhu and Wangchhu (ASV: βjac = 0.84; taxonomic unit: βjac = 0.83) (Table S3). 350 

These patterns were primarily driven by turnover (βjtu), which ranged from 0.62 to 0.91 for ASV 351 

and from 0.56 to 0.90 for taxonomic units, whereas nestedness (βjne) contributed a relatively small 352 

proportion of total dissimilarity, ranging from 0.04 to 0.22 for ASVs and from 0.05 to 0.27 for 353 

taxonomic units. The GDM for ASV and taxonomic unit composition turnover explained 40.4% 354 

and 40.6% of the deviance respectively. Observed compositional dissimilarity increased with the 355 

ecological distance for both ASVs and taxonomic units (Fig. 5A–B). For both cases, elevation and 356 

geographic distance were the most influential predictors of community turnover, while others 357 

showed relatively minor effects (Fig. S4). The distance to settlement did not contribute to 358 

explaining compositional turnover for the assigned taxa. These results were consistent with the 359 

PCoA ordination, in which the Drangmechhu formed a distinct cluster characterized by higher 360 

species turnover relative to the other watersheds as it is located far east, while Punatshangchhu 361 

and Wangchhu are located closer together in the western part (Fig. 5 C–D). 362 



 363 

Fig. 5.  Fig. A and B show the relationships between ecological distance and fish community 364 

dissimilarity. C and D show the Principal Coordinates Analyses (PCoA) for fish composition 365 

comparison.  366 

Discussion 367 

The knowledge about the fish diversity of Bhutan remains incomplete, because of sampling 368 

logistical constraints in the complex river valley system. We compared the eDNA-based detections 369 

with checklist records to evaluate the capacity of eDNA to recover the fish diversity and associated 370 

spatial patterns across three river basins in Bhutan and to assess the state of knowledge of these 371 

three catchments. eDNA metabarcoding demonstrated high sensitivity in detecting fish diversity 372 

and showed that the current state of knowledge was stronger in Western than Eastern Bhutan. The 373 

Drangmechhu basin in particular is of significant interest for further documentation due to the 374 



lower historical taxa records and the detection of previously undocumented genera with eDNA 375 

metabarcoding. The additional recovered taxonomic units indicate that the basin may harbor 376 

important, overlooked diversity. Moreover, eDNA metabarcoding documented clear spatial 377 

diversity distribution along the environmental gradients, with taxa richness declining progressively 378 

at higher elevations and steeper river sections. Additionally, elevation and geographic distance 379 

were the primary drivers of species turnover, shaping fish assemblages among the river basins.  380 

Although Bhutan remains one of the few countries in the world with a relatively unmodified and 381 

near-pristine freshwater ecosystem, the rapid expansion of hydropower development over the past 382 

two decades poses an increasing threat through the disruption of fish migration pathways and 383 

alteration of hydrological regimes. Collectively, our findings highlight the importance of eDNA 384 

metabarcoding as an effective complementary tool for biodiversity assessment, early detection of 385 

overlooked taxa and conservation planning in Himalayan freshwater ecosystems. 386 

The state of biodiversity knowledge is generally more limited in less accessible regions. The 387 

Drangmechhu river basin in Eastern Bhutan, which had a limited number of species in the 388 

checklist, yielded several genera through eDNA metabarcoding that were absent from 389 

conventional records, suggesting that fish diversity in this basin remains underestimated. Limited 390 

documentation from this basin is probably linked to the lower sampling effort due to its remoteness 391 

and logistical problems of access in comparison with Western, Central and Southern Bhutan. The 392 

ability of eDNA to detect other taxa suggests that the most remote river basins may contain 393 

undocumented freshwater biodiversity and that seasonal sampling should be extended to cover this 394 

biodiversity before it is significantly altered or disappears (West et al. 2020). Since the basin 395 

already contains one operating hydroelectric dam and another dam is being proposed for 396 

construction, the loss of habitat connectivity may lead to the decline of species or local extinction 397 

before their presence can be formally documented (Manandhar et al. 2023, Rai et al. 2024, Nyqvist 398 

et al. 2025). The effects may be more pronounced for rare and elusive species, which tend to be 399 

overlooked in the traditional sampling procedures. As such, the Drangmechhu basin can be an 400 

important priority area for the conservation of aquatic fauna and the protection of freshwater 401 

biodiversity in Bhutan, while also advancing development activities. The absence of several taxa 402 

in the existing reference databases also highlights the need for extended and repeated seasonal 403 

surveys to enhance the development of reference libraries (Valentini et al. 2016, Marques et al. 404 

2021, Jeunen et al. 2023, Manandhar et al. 2023).  405 

Fish species composition along rivers can be structured by both environmental and geographic 406 

differences. Within catchment, from low to high elevation, there are significant differences in 407 

riverain habitat characteristics (e.g., dissolved oxygen, temperature, nutrient availability), which 408 

shape different fish species richness and composition (Tonkin et al. 2017, Cheng et al. 2019, 409 

Mondal and Bhat 2020, Borges et al. 2023, Panja et al. 2025). We found that eDNA effectively 410 

captures ecologically meaningful fish diversity distribution across environmental gradients. 411 

Elevation and river segment steepness were the key environmental drivers shaping fish 412 

composition, with both ASVs and taxonomic unit richness declining significantly along increasing 413 

elevation and steeper river segments. This pattern is consistent with well-established principles in 414 

the Himalayan freshwater ecology (Tonkin et al. 2017). Lower elevations are characterized by the 415 

availability of a wide range of resources and niches resulting in higher fish species assemblages 416 

(Stevens 1992, Guégan et al. 1998, Bhatt et al. 2012). Increasing elevations, particularly in 417 

mountains, are generally characterized by a reduced catchment area, steepness and high water flow 418 

rate. Xia et al. (2024) stated that such stressful environmental conditions allow coexistence of 419 



small body size or herbivorous fish with reduced richness compared to lowland areas. As such, 420 

Himalayan rivers showed a gradual decline in fish species richness with the increasing elevation 421 

(Bhatt et al. 2012). At a more localized scale, similar trends have been observed in Bhutan 422 

(Changlu et al. 2021, Wangchuk and Tshering 2022).  423 

The geographically isolated river basin displayed different species compositions. The Himalayan 424 

river system has been shaped by the uplift of mountain ranges and the gradual reorganisation of 425 

drainage networks, leading to an isolated river system in evolutionary time scales (Rüber et al. 426 

2020, Panja et al. 2025, Chahal et al. 2026). The boundaries of freshwater ecosystems mostly 427 

correspond to individual river basins (Panja et al. 2025), a pattern that is evident in Bhutan. 428 

Consequently, freshwater fish are not able to move across river basins due to dispersal constraints, 429 

causing variation in composition due to taxa replacements (Tonkin et al. 2017, Panja et al. 2025). 430 

The different composition of ASVs and taxonomic units in the Drangmechhu basin in Eastern 431 

Bhutan, compared to geographically closer western basins such as Puntsangchhu and Wangchhu, 432 

suggests the influence of dispersal constraints on fish community composition. These long-term 433 

isolations also promote diversification and high levels of endemism (Rüber et al. 2020, Panja et 434 

al. 2025). To our knowledge, studies exploring this diversification and endemism due to isolation 435 

are still lacking in Bhutan. Therefore, an in-depth exploration is important to obtain a better 436 

understanding of the hidden diversity present in underexplored river basins such as Drangmechhu 437 

and other eastern river basins within the country. 438 

The connectivity of the river system in Bhutan is likely to be impacted in the future. Hydropower 439 

development has expanded steadily over the past two decades, driven both by domestic energy 440 

needs and electricity exports to neighboring countries (RGoB 2016). While hydropower is a 441 

cornerstone of national economic strategy, it poses significant risks to fish communities by 442 

disrupting migration routes, fragmenting habitats, converting lotic habitats to lentic environments, 443 

and altering downstream flow regimes (Wu et al. 2019, NCD 2022, Baniya et al. 2025). The 444 

negative effects of dams on fish are increasingly documented (Baniya et al. 2025) and studies in 445 

Bhutan are largely neglected (Changlu et al. 2020). Although environmental impact assessments 446 

are conducted prior to dam construction, they are often restricted to baseline documentation rather 447 

than long-term evaluation (RGoB 2016, Baniya et al. 2025). Several dams are already present in 448 

the studied areas including two dams in the Wangchhu basin (Chhukha and Tala dam), three in the 449 

Punatshangchhu basin (Punatshangchhu 1, Punatshangchhu II and Dagachhu dam) and one in the 450 

Drangmechhu basin (Kurichhu), with one dam currently proposed at Dorjilung, which is 451 

envisioned to be the largest dam ever built in the country. The water regulation of Bhutan 2014 452 

states that dams should have fish passages or other measures to allow fish movement (NEC 2014), 453 

but currently this is only present at the Kurichhu and Dagachhu dams and these are not designed 454 

for downstream migrations or for specific migratory species in Bhutan, such as Tor puttitora or 455 

Schizothorax spp. (Philipp et al. 2019, Changlu et al. 2020). Expanding such measures across all 456 

existing and future dams could help reduce the risks, particularly of the long-range migratory fish 457 

(ADB 2018). 458 

Despite strengths of eDNA metabarcoding, the present study revealed some limitations, which can 459 

guide improvements for a broader applicability of the method for conservation monitoring. Most 460 

taxa were resolved to genus-level, highlighting gaps in the available reference databases, and 461 

emphasizing the need for developing comprehensive regional reference libraries through targeted 462 

specimen collection (Miya et al. 2015, Jackman et al. 2021, Marques et al. 2021, Keck et al. 2023, 463 



Yu et al. 2026). The lack of reference libraries also indicates the potential presence of undescribed 464 

or previously unrecorded species, as most taxa were resolved to genus-level identification. In 465 

addition, the relatively low diversity detected within certain genera compared to checklist records 466 

may reflect the possibility of low eDNA concentration in the environment (Manandhar et al. 2023, 467 

Yu et al. 2026), which can reduce detection sensitivity. In this study, eDNA sampling was 468 

conducted only once, which may have limited the detection of actual fish diversity. Therefore, 469 

repeated sampling can improve the taxonomic coverage of broader taxa listed in the checklist 470 

(Gehri et al. 2021).  471 

Conclusion 472 

Bhutan remains one of the few nations in the world with a freshwater ecosystem that is essentially 473 

unaltered and pristine. Nevertheless, hydropower development, which subsequently leads to road 474 

expansion and sand mining, has expanded steadily over the past two decades, posing emerging 475 

risks to river connectivity and aquatic biodiversity. In the present study, eDNA metabarcoding 476 

demonstrated high sensitivity in detecting fish diversity. Although the detected diversity was lower 477 

than that recorded in the checklist records, eDNA metabarcoding reliably reflected spatial patterns 478 

of diversity observed through traditional sampling, including the decline in fish diversity with 479 

increasing elevation and river segment steepness, patterns that are consistent with findings from 480 

other Himalayan river systems. The study also revealed distinct fish assemblages among river 481 

basins, particularly those that are far apart as in the case of the Drangmechhu basin. Such basin-482 

level turnover of species assemblages suggests potential occurrence of endemic and regionally 483 

restricted taxa due to isolation that has gone unexplored. However, the Drangmechhu basin, which 484 

is more remote than the Punatshangchhu and Wangchhu basins, was poorly represented in the 485 

checklist, also displaying lower detections through eDNA metabarcoding. This highlights the need 486 

for a comprehensive exploration, not only in Drangmechhu but also in understudied river basins 487 

before the potentially undocumented taxa go extinct due to anthropogenic disturbance. Overall, 488 

development of comprehensive regional libraries for taxa currently lacking in databases, as well 489 

as for potentially undescribed species, is important for enhancing accuracy of eDNA-based 490 

monitoring. 491 
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