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Abstract  Mountain ecosystems are sensitive to global change, but long-term data 40 

assessing effects for running waters are scarce.  We, therefore, investigated changes in 41 

diatom diversity and assemblage composition using five surveys between 1992–2023 42 

in streams across a 2345 m altitudinal gradient in the Himalaya. Taxon richness 43 

tended to decline at high altitudes while peaking in the later years of the study. Among 44 

75 species found, most were cosmopolitan - including the most abundant species 45 

which occurred across altitude. Navicula nielsfogedii and Gomphosinica 46 

chubichuensis had restricted distributions geographically and altitudinally and are 47 

potentially indicators of warming. The former increased through time at lower 48 

altitudes while the latter was restricted to the highest altitudes where it had declined 49 

by 2023. Gllvm models suggested that time, season and altitude affected abundance 50 

and assemblage composition. Few species were more abundant at higher or lower 51 

altitudes, while many had wide altitudinal ranges and equal prevalence between 52 

seasons. Composition, nevertheless, changed with increasing altitude reflecting 53 

changes in vegetation cover and stream chemistry and occurred through taxonomic 54 

turnover rather than nestedness. Compositional changes through time in both seasons 55 

were observed in most streams but were least pronounced above 3500 m except in a 56 

glacier-fed stream. 57 

Keywords   Climate change, streams, diatoms, mountains, Himalaya, Nepal 58 
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Introduction 65 

Climate change has pronounced effects on high altitude regions. In the Himalayan 66 

mountains, for example, warming has been greater than the global average (Singh et 67 

al., 2016; Negi et al., 2021) with mean temperature projected to increase by up to 5.8 68 

°C over the next century (Bajracharya et al., 2007). Negative impacts on the water 69 

cycle, increasing hazards such as glacier lake outbursts, avalanches, floods, and 70 

constraints on water availability will affect the entire region (IPCC, 2022). Even small 71 

changes in the Himalayan climate will affect aquatic ecosystems and lead to 72 

biodiversity losses, threatening ecosystem function and impact the delivery of 73 

resources – potentially interacting with uneven distribution of water resources and 74 

growing resource demands, and affecting many millions of people in down-stream 75 

areas (Eriksson et al., 2009; Kattel 2022). Local communities in high mountain 76 

valleys already experience changes related to a warming climate including receding 77 

and thinning glaciers, changing patterns in precipitation and temperature (Tuladhar et 78 

al., 2021), and upward shifts in plant distributions (Lamsal et al., 2017a). 79 

     Climate change affects all biological communities including microbial and algal 80 

communities in surface water, groundwater and terrestrial ecosystems (Retter et al., 81 

2021; Parray et al., 2022). In sub-arctic, arctic and alpine freshwaters, warming and 82 

glacial retreat have affected the structure and function of microbial communities 83 

(Wilhelm et al., 2013), diatoms (Smol et al., 2005; Thies et al., 2013; Fell et al., 2018) 84 

and invertebrates (Cauvy-Fraunié et al., 2016; Khamis et al., 2016; Niedrist & Füreder 85 

2018; Jacobsen et al., 2024; see also review by Slemmons et al., 2013). In the 86 

Himalaya, climatic effects on freshwater biodiversity and species distribution are 87 

expected across the large altitudinal gradient as a result of changes in hydrological 88 

conditions, stream habitat character and catchment vegetation (Hotaling et al., 2017; 89 

Sharma et al., 2022). Modeling of river invertebrates, including in the Langtang 90 

Valley in Nepal, has predicted range-shifts along the altitudinal gradient, with an 91 

increase in warm-adapted and a loss in cold-adapted species (Li et al., 2016). In lakes 92 

of the Indian Himalaya, lake phytoplankton and macrophyte diversity has declined 93 

(Jeelani et al., 2008) while diatom sediment records have changed concurrently with 94 

global warming (Diwate et al., 2024). 95 

     Diatoms are important components of benthic communities and food webs in 96 

freshwater systems. This is especially the case at high altitude and latitude where 97 

harsh environmental conditions include low temperatures, reduced nutrient 98 

availability, distinct seasonal change, ice cover, highly variable flows and unstable 99 
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stream substrata (Jüttner et al., 2010; Clitherow et al., 2013). These same pristine, 100 

cold freshwaters in mountain headwaters often support unique assemblages and rare 101 

species (Taxböck et al., 2017; Jyrkänkallio-Mikkola et al., 2018). Warming effects on 102 

these refugia, therefore, pose risks to cool stenothermal diatoms from range 103 

contraction and eventual extinction (Bahls, 2017). Simulating climate change effects 104 

on different river types predicted a homogenization of assemblages (Tornés et al., 105 

2022), and studies in the Arctic and the European Alps showed that climate warming 106 

had already altered current assemblages (Kahlert et al., 2020; Kuefner et al., 2020).  107 

     Moreover, altitude is a determining factor structuring mountain diatom 108 

assemblages (He et al., 2020; Kim & Lee, 2017) due to strong environmental 109 

gradients (pH, conductivity, nutrient concentrations, flow, substratum, catchment 110 

vegetation) which determine species distribution, and turnover in metacommunities is 111 

strongly influenced by environmental filtering (Kurthen et al., 2020). Any climate-112 

mediated effects on temperature or discharge at particular altitudes could therefore 113 

affect diatom distribution in both lotic and lentic environments. Stream diatoms are 114 

known to be effective predictors of climatic conditions (Pajunen et al., 2015, 2016) 115 

while richness and abundance are determined by a covariance of climate and water 116 

chemistry (Passy et al., 2018). In a global dataset, diatom assemblage composition 117 

was significantly related to annual temperature (Soininen et al., 2016). Similarly in 118 

lakes, surface water temperature was a significant factor in addition to gradients in 119 

water chemistry in explaining species distribution (Weckström et al., 1997). 120 

Weckström et al. (2006) used high-resolution sediment diatom records to document 121 

short-term temperature variability over multiple centuries and Lotter et al. (1997) 122 

developed lake-temperature models for different biota, including diatoms, and showed 123 

that a temperature effect is independent of other factors. 124 

     Alongside global warming, freshwater biodiversity in the Himalaya is affected by 125 

other pressures including demand for resources and pollution.  These changes are 126 

exemplified in the Langtang Valley, Langtang National Park, Nepal. Major 127 

environmental issues affecting the Park biodiversity include warming, changes in 128 

catchment character resulting in forest fires during the dry season, degradation of high 129 

altitude habitats, resource exploitation by local people and pressures from tourism 130 

(LNP, 2020). The Park’s terrestrial vegetation is already changing with a significant 131 

increase in the Normalized Difference Vegetation Index (NDVI) at the treeline 132 

ecotone found between 2000–2017 and 16.45% of its area greening, suggesting an 133 

upslope vegetational shift as predicted for the wider Himalayan region (Lamsal et al., 134 
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2017b; Baniya et al., 2021). Mean annual temperatures have risen while the numbers 135 

of cold days per year and average annual river flow between 1993–2006 have 136 

declined (Gautam, 2014). Temperatures and precipitation, particularly rainfall, are 137 

projected to increase further and contribute to snow and ice melt while the Park’s 138 

glaciated area is predicted to decline by 32% by 2035. River flows are projected to 139 

rise due to increasing rain runoff and base flow while glacier runoff will eventually 140 

decrease as glaciers retreat (Immerzeel et al., 2012). This will alter stream 141 

temperature, increase flow velocity and reduce stream bed stability with likely 142 

impacts on altitudinal species distributions, colonization and growth of benthic algae 143 

(Biggs et al., 1998; Yang et al., 2025).  144 

     Despite these ongoing environmental changes, long-term studies of the impacts are 145 

rare both locally in the Langtang National Park and more generally across the 146 

Himalayan mountains (Bartwal & Nautiyal, 2025). We, therefore, designed this study 147 

as the first study of its type to (i) assess long-term changes in stream diatoms due to 148 

warming in the Himalayan region and (ii) assess long-term change in two different 149 

seasons and across a large altitudinal gradient. Specifically, we investigated how 150 

diatoms in thirteen streams changed over a 31year period between 1992 and 2023 151 

across an altitudinal range of 2345 m in two seasons. We tested whether warming 152 

affected assemblages across the entirety of this large altitudinal gradient, and in 153 

particular, whether species distribution, assemblage composition and diversity 154 

changed (1) over time in both autumn and spring, (2) between autumn and spring in 155 

two consecutive years, and (3) across altitude in autumn and spring. 156 

Methods and Materials 157 

Study area 158 

The high mountain Langtang Valley is in the 1710 km2 Langtang National Park of the 159 

Nepalese Himalaya, an area established as Nepal’s first high mountain National Park 160 

in 1976. Located at the meeting point between the Eastern and Western Himalayan 161 

Biotic Provenance, it is home to a large number of rare and threatened plants 162 

including endemic species, and has a wide range of vegetation types across a large 163 

altitudinal gradient. It is located c. 80 km north of the capital Kathmandu in the 164 

Gosaikunda Rural Municipality of the Rasuwa district and borders the Tibet 165 

Autonomous Region (TAR) of China in the north. The 13 streams investigated are 166 

tributaries to the Langtang River fed by the Langtang Glacier at 4500 m a.s.l. It joins 167 
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the Trisuli River at 1400 m a.s.l., itself a major tributary of the Gandaki River and 168 

eventually the Ganges. The study sites were located across an altitudinal range of 169 

2345 m, between 1465-3810 m a.s.l. (Fig.1). The type and cover of vegetation 170 

changes considerably with altitude with subtropical montane broadleaf woodlands 171 

dominating < 2000 m, changing to montane conifer forests at mid altitudes, and to 172 

sub-alpine dwarf shrub and grassland, and alpine tundra at the highest altitudes. A 173 

considerable portion of the catchment at higher altitudes is alpine tundra and 174 

glaciated, with glaciers and permafrost covering 46 km2 of the valley (Bajracharya et 175 

al., 2014). The region has a pronounced monsoon climate with a warm rainy season 176 

from June – September, and a dry season from October – April. Human settlements in 177 

the National Park are limited to a few small settlements with cultivated land, which 178 

has not significantly changed over time. Crops are restricted to small areas used for 179 

barley, buckwheat and potatoes and there is a small number of livestock (Tuladhar et 180 

al., 2021). The area is heavily dependent on tourism and large number of visitors, 181 

including an increasing number of domestic tourists in recent years, arrive during the 182 

main trekking seasons in the autumn and spring. 183 

     Fourteen streams in the Langtang Valley were first investigated for diatoms in 184 

November 1992 (post-monsoon, Ormerod et al., 1994), and in April 1993 (pre-185 

monsoon, Jüttner unpubl. data), and in November 2000 (Jüttner et al., 2010a; site 186 

labels ‘Helan’). To assess long-term change in diatom assemblages across altitude and 187 

in two seasons, thirteen of the fourteen streams were reinvestigated in November 2022 188 

and in April 2023, with the site labels used in Ormerod et al. (1994). T7 was not 189 

studied recently as it had dried up, and T10 and C33 were only studied in autumn 190 

2022 because they had dried up in spring 2023. 191 

Field and laboratory procedures 192 

Site locations were determined and found again during later surveys using maps, GPS 193 

and site descriptions. In each stream, diatoms were collected from ca. 10 pebble to 194 

cobble-sized stones in riffle sections using toothbrushes, scrapes combined in one 195 

sample per stream and preserved using alcohol. In the laboratory diatoms were 196 

processed using hot peroxide oxidation to remove organic cell content. Silica valves 197 

were mounted on permanent glass slides using Naphrax®. Assemblages were studied 198 

and a minimum of 500 valves were counted under light microscopy at 1000× 199 

magnification using a NIKON E600 microscope (DIC, 100× objective, N.A. 1.40). To 200 

ensure consistency in identification across time, all samples were reinvestigated. 201 
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Diatoms were identified to species level using Jüttner et al. (2000, 2004, 2010b, 2017) 202 

Kociolek et al. (2015), and Lange-Bertalot et al. (2017), following nomenclature in 203 

Guiry & Guiry (2026), and using https://www.ipni.org/ for the names of species 204 

authorities.  Relative abundances were calculated prior to statistical analysis. The 205 

diatom slides are kept in the diatom collections of Amgueddfa Cymru – Museum 206 

Wales, Cardiff, UK (NMW), the Natural History Museum, London, UK (BM), and at 207 

Kathmandu University, Department of Environmental Science, Dhulikhel, Nepal. 208 

Field measurements (pH, conductivity) were carried out using portable meters 209 

(LUTRON) and water samples were collected for analysis of ions, hardness and 210 

alkalinity following APHA (2012) protocols.  211 

Data analysis 212 

Catchment boundaries for each stream site were delineated using a digital elevation 213 

model (DEM, Copernicus Global Digital Elevation Model GLO-30, resolution of ~ 30 214 

m, ESA 2021). For vegetation coverage, satellite imagery was used to determine the 215 

mean NDVI calculated from surface reflectance. In 1992, NDVI was calculated at 30 216 

m resolution using a single Landsat 5 scene with minimal cloud cover from 21 217 

September. There was greater cloud cover in 2023 and images and NDVI were 218 

calculated using a median mosaic of 8 scenes captured in September (for further 219 

details see Jacobsen et al., 2024 and references therein). 220 

     Changes in assemblage composition and the abundance of the 18 most common 221 

and abundant taxa were modelled using generalised linear latent variable models, 222 

using the gllvm package (Niku et al., 2019) in R version 4.5.1 (R Core Team, 2025). 223 

This approach allows inference at both the community and individual taxon level. 224 

Following Niku et al. (2019), we selected the number of latent variables by 225 

minimising the small-sample Akaike Information Criterion, settling upon two 226 

variables, and used a log-link function with negative binomial errors based on 227 

residuals from the model. The models were fitted with year, season and altitude as 228 

covariates, and the overall statistical significance of each of these tested using 229 

likelihood ratio tests, based on the analysis of deviance (Niku et al., 2019). 230 

     In addition, changes in assemblage composition over time and season were 231 

visualised using non-metric multi-dimensional scaling (NMDS) based on Bray-Curtis 232 

similarity after down-weighting of rare species (weight 0.1) and square-root 233 

transformation of relative abundance data. NMDS of sites based on environmental 234 
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measurements (altitude, vegetation cover, water chemistry) was carried out using 235 

Euclidean distance after normalising variables (PRIMER7, Clarke & Gorley, 2015). 236 

 237 

     We estimated the extent to which altitude could account for beta-diversity, and its 238 

turnover and nestedness components, among the sampling locations using R’s 239 

betapart package (Baselga et al., 2023). Following Gutiérrez-Cánovas et al. (2013), 240 

we regressed matrices of overall beta-diversity, and its turnover and nestedness 241 

components (based on Sorensen dissimilarities, Simpson dissimilarities and the 242 

difference between the Sorensen and Simpson respectively), onto the altitudinal 243 

differences between sites using multiple regression on distance matrices from the 244 

ecodist package (Goslee & Urban, 2007; Lichstein, 2007). Taxon richness and 245 

Simpson’s evenness were calculated in R (R Core Team, 2025). 246 

Results 247 

Species diversity, distribution across altitude, season and time 248 

At all altitudes, taxon richness and evenness were highly variable between years. 249 

Although the overall difference across altitude was marginally significant (p = 250 

0.0557), richness tended to be higher at low and mid altitudes (1465–2747 m) than at 251 

altitudes above 3000 m, and ranged overall between 14–26 species. There was no 252 

relationship between altitude and evenness (Fig. 2). Taxon richness and evenness 253 

were not significantly different between seasons and years. However, mean richness 254 

was higher in autumn 2022 and spring 2023 with the difference over time being larger 255 

in autumn than in spring (Fig. 3). 256 

     Seventy-five species were found during five surveys in autumn and spring between 257 

1992–2023. Most species belonged to the Achnanthales, Fragilariales and 258 

Cymbellales, with Fragilaria Lyngb., Gomphonema Ehrenb. and Achnanthidium 259 

Kütz. being the most species rich genera, while species in the Naviculales, 260 

Bacillariales and Thalassiophysales were less numerous and often rare (Table 1, Guiry 261 

& Guiry 2026). Most species are known to have a cosmopolitan distribution, but some 262 

have a more restricted distribution, were described from the Himalayan region and 263 

occurred at a small number of sites. They include Gomphonema incognitum 264 

Reichardt, Jüttner & Cox (found regularly in 3 streams), G. himalayaense Jüttner and 265 

G. nepalense Reichardt, Jüttner & Cox (found regularly in 5 streams), Gomphosinica 266 

chubichuensis (I.Jüttner & E. J. Cox) Kociolek et al., (Fig. 4a) which only occurred 267 
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above 3200 m and dominated a glacier-fed stream during all autumn surveys, 268 

Odontidium himalongissimum Jüttner, D.M.Williams & E.J.Cox (rarely found at low 269 

abundance) and O. longiovalum Jüttner, D.M.Williams & E.J.Cox (abundant at one 270 

high-altitude stream but rarely found elsewhere; Jüttner et al., 2000; Jüttner et al., 271 

2004, Jüttner et al., 2017, 2018). Navicula nielsfogedii J.C.Taylor & Cocquyt (Fig. 272 

4b), known from the Himalaya and south-east Asia (Chudaev et al., 2020), was found 273 

mostly at the lowest altitudes (≤ 2519 m). Few cosmopolitan species were common in 274 

all streams. Those occurring across the entire altitudinal range included 275 

Achnanthidium minutissimum (Kützing) Czarnecki, Achnanthidium cf. sibiricum 276 

Kulikovskiy et al., Odontidium mesodon (Kützing) Kützing and Hannaea arcus var. 277 

recta (Cleve) M.Idei, the four most abundant taxa which often dominated 278 

assemblages, and Reimeria sinuata (Gregory) Kociolek & Stoermer and an 279 

unidentified Eunotia species. 280 

Change in assemblage composition across altitude, over season and time 281 

Generalized linear latent variable models showed that time (D = 40.85, df = 18, p= 282 

0.0016), season (D = 66.68, df = 18, p < 0.0001) and altitude (D = 135.26, df = 18, p 283 

< 0.0001) appeared to affect species abundance and assemblage composition (Fig. 5). 284 

Only one species, G. chubichuensis, was restricted to high altitude streams, although  285 

Encyonema brevicapitatum Krammer, Delicata delicatula (Kützing) Krammer 286 

(mostly restricted to streams at 2500-3500 m), and A. cf. sibiricum were more 287 

abundant at higher altitudes. In contrast, N. nielsfogedii, G. nepalense, Achnanthidium 288 

subhudsonis (Hustedt) H.Kobayasi, Adlafia bryophila (J.B.Petersen) Lange-Bert. and 289 

Gomphonema parvulum (Kützing) Kützing were predominantly found at lower 290 

altitudes (Fig. 6).  291 

 While most species were equally prevalent during both seasons, some were more 292 

abundant in autumn or spring (Fig. 5). Navicula nielsfogedii typically occurred in the 293 

autumn and was rare in spring. Although G. chubichuensis was abundant in both 294 

seasons in a glacier-fed stream at the highest altitude (CC, 3810 m), it always 295 

dominated assemblages in autumn (59–89%) and, when present, was more abundant 296 

in autumn at two other high-altitude streams (C31, C33). Hannaea arcus var. recta, 297 

G. parvulum and A. bryophila were also more abundant during autumn. There was 298 

less evidence for species being more abundant in spring except for A. minutissimum. 299 

Gomphonema nepalense dominated in one stream during both spring surveys (43–300 

62%, Fig. 6). Few species changed significantly over time. Navicula nielsfogedii and 301 
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an unidentified Eunotia species became more abundant while A. subhudsonis and R. 302 

sinuata declined (Fig. 5). Cocconeis lineata Ehrenberg declined at three streams ≥ 303 

2747 m but increased at the lowest altitude (T1, 1456 m). Encyonema brevicapitatum 304 

and Encyonema minutum (Hilse) D.G.Mann declined over time in some but not in all 305 

streams. Gomphosinica chubichuensis dominated the glacier-fed stream at the highest 306 

altitude (CC, 3810 m) in all autumn surveys. Its abundance was > 80% in autumn 307 

1992 and 2000 when the stream contained large amounts of ice but its abundance was 308 

lower (59%) in 2022 when the stream contained less ice. In spring when the stream 309 

was ice-free G. chubichensis was much less abundant (1993: 21%, 2023: 24%, Fig. 310 

6). Similarity between sites in autumn 1992 and 2022 and in spring 1993 and 2023 311 

was not correlated with altitude (Fig. 7). 312 

     Overall beta-diversity correlated with altitude, i.e. the greater the differences in 313 

altitude, the greater the difference in assemblage composition (R2 = 0.09, F = 192.36, 314 

p = 0.0001). This was driven by a turnover of taxa (R2 = 0.08, F = 159.34, p = 315 

0.0001) rather than a pattern of nestedness (R2 < 0.01, F = 0.83, p = 0.69). With some 316 

exceptions, streams at 1465–1660 m differed from those at mid altitudes due to the 317 

presence of taxa that occurred predominantly at low altitudes, while streams at mid 318 

altitudes (2044–3570 m) were characterized by taxa that were abundant across a wide 319 

altitudinal range and taxa that typically occurred at mid to high altitudes. Streams ≥ 320 

3660 m were distinct due to the abundance of one high-altitude species, G. 321 

chubichuensis, and mid- to high-altitude species which occurred alongside those with 322 

a wide altitudinal range (Fig. 6). In autumn 2022, A. minutissimum and A. cf. 323 

sibiricum declined at the highest altitudes but increased at mid-altitudes (Fig. 6). 324 

     Across gradients of altitude and vegetation cover, measured in autumn 1992 and 325 

2022, assemblages changed over time in both seasons (Figs 8a, b) but long-term 326 

change in assemblage composition varied between streams (Figs 9a, b). In autumn, 327 

assemblages changed clearly over time in six streams, with smaller changes observed 328 

in further three streams; in spring, assemblages changed in seven streams, with small 329 

changes observed in further two streams. Above 3500 m, long-term change was small 330 

or not observed except in spring at C31 (3790 m) and in both seasons at CC, the 331 

glacier-fed stream at the highest elevation. Long-term change was also small or not 332 

observed in a shaded woodland stream at low altitude (T2, 1660 m) and in a stream 333 

fed by a spring (C29, at 3663 m, Figs 9a, b). 334 

Assemblage composition in relation to environmental factors 335 
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Environmental conditions changed across altitude, between seasons and over time 336 

(Figs 10, 11b, Appendix, Tables 1, 2). Vegetation cover decreased with altitude with 337 

catchment vegetation changing from subtropical broadleaf woodland at the lowest to 338 

alpine tundra at the highest altitudes. Between 1992 and 2022, NDVI increased over 339 

time in 12 of the 13 stream catchments. Stream chemistry, measured in 2022/23, 340 

changed with altitude and differed between seasons. Si concentrations decreased with 341 

altitude, and alkalinity, total hardness, Ca2+, and NO3
- concentrations were often 342 

larger at higher altitudes. Total hardness, alkalinity, Na+ and NO3
- concentrations 343 

were higher during spring. Environmental change correlated with change in diatom 344 

assemblage composition with altitude, Ca2+, hardness, alkalinity, NDVI and Si being 345 

the most important variables (Fig. 11b). With few exceptions, assemblages differed 346 

between autumn and spring in 1992/93 and in 2022/23; at altitudes ≥ 3663 m 347 

assemblage were more dissimilar to those at mid-altitudes in 2022/23 than in 1992/93 348 

(Fig. 11a, b). Taxa most strongly correlated with environmental change across altitude 349 

included N. nielsfogedii, Gomphonema minutum (C.Agardh) C.Agardh, G. parvulum, 350 

and A. bryophila, typical at the lowest altitude up to 2519 m, and G. chubichuensis 351 

and O. mesodon at high altitudes. Similarity between sites in autumn 1992 and 2022 352 

was not correlated with 2022:1992 ratio in vegetation cover (Fig. 12). 353 

Discussion 354 

Taxonomic diversity and richness 355 

Global warming changes diatom assemblages in both marine and freshwater habitats 356 

(Bopp et al., 2005; Rühland et al., 2015) due to increasing temperature and/or other 357 

factors including pH, nutrients, dissolved organic matter, hydrological and catchment 358 

changes that are ultimately controlled and altered by climate change (Anderson, 2000; 359 

Rantala et al., 2017). In Asia, diatoms are increasingly used to study environmental 360 

change and the impacts of warming in mountain areas (e.g. Li at al., 2021). Although 361 

assemblages at high altitudes in the Himalaya including those in the Langtang Valley 362 

contain many species with a wide geographical range, they are distinct from alpine 363 

regions elsewhere. Compared with diatoms in the European Alps, only 21% taxa were 364 

shared in Himalayan streams, because some species were restricted to the Himalaya 365 

while European species indicating severe anthropogenic impacts were absent 366 

(Cantonati et al., 2001). The eastern and western Himalayas are floristically distinct, 367 

also for diatoms, but with few exceptions species with regional distribution were not 368 
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abundant in streams of the Langtang Valley. Most taxa belonged to the Fragilariaceae, 369 

Achnanthidiaceae and Cymbellaceae, while taxa in the Naviculaceae and 370 

Bacillariaceae, typical in low-altitude habitats with higher nutrient concentrations, 371 

were rarer and less abundant. The most common and abundant species, including A. 372 

minutissimum, A. cf. sibiricum, H. arcus var. recta, and O. mesodon, have often been 373 

reported from mountain areas elsewhere in the world (e.g. Rimet et al., 2007; Kim & 374 

Lee, 2017; Pardhi et al., 2023 and references therein).  375 

     Some taxonomic revisions are required to adequately document the diatom flora in 376 

the Langtang Valley, and for this study several taxa remained unidentified or were 377 

treated as an aggregate. Achnanthidium cf. sibiricum, often more abundant at higher 378 

altitudes, is morphologically similar to Achnanthidium sibiricum Kulikovskiy, Lange-379 

Bertalot, Witkowski & Khursevich described from Lake Baikal (Kulikovskiy et al., 380 

2011), Achnanthidium pseudopusillum Genkal & Gabyshev described from northern 381 

Siberia (Genkal & Gabyshev, 2025), and Achnanthidium nanum (F.Meister) Novais & 382 

Jüttner (Novais et al., 2015) described from the European Alps. It is uncertain whether 383 

these species, all reported from clean, often cold, waters with low-medium 384 

conductivity, are distinct or whether they are conspecific. In the Langtang Valley 385 

streams, A. cf. sibiricum often co-occured with A. minutissimum. In the European 386 

Alps, Achnanthidium lineare W.Smith, a similar taxon, possibly conspecific with A. 387 

cf. sibiricum, was typical in streams of glaciated catchments and more sensitive to 388 

higher nutrient concentrations than A. minutissimum (Bert et al., 2024). The 389 

distribution of these taxa was similar in the Langtang Valley. Taxa in the genus 390 

Hannaea are widely distributed in the northern hemisphere with several species being 391 

described recently from mountain areas in Tibet, Mongolia and Tajikistan (Liu et al., 392 

2019). Hannaea arcus, regarded as well adapted to high flow conditions, was an 393 

indicator species in streams located in areas with higher glacier cover in the European 394 

Alps (Bert et al., 2024). Hannaea is frequently found in the Himalaya but requires 395 

taxonomic revision. As recorded here, H. arcus var. recta may represent an aggregate 396 

of two taxa that could not consistently be separated with light or scanning electron 397 

microscopy, exhibiting high morphological variability within populations.  398 

     While cosmopolitan taxa dominated the Langtang Valley streams, two species with 399 

a regional distribution, G. chubichensis and N. nielsfogedii (Jüttner et al., 2000, 2017; 400 

Chudaev et al., 2020), were abundant. These are potentially good indicator species for 401 

climate change at high and low altitudes, respectively. Gomphosinica chubichuensis 402 

dominated in the glacier-fed stream at the highest altitude in autumn when large 403 
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amounts of ice were present in 1992 and 2000 but was less abundant when the amount 404 

of ice had declined in 2022 or the stream was ice-free during spring suggesting that it 405 

has a competitive advantage at low temperatures and during ice cover. Shrinking 406 

glaciers and meltwater influence produced lower beta-diversity in both diatoms and 407 

stream macroinvertebrates, due to reduced habitat heterogeneity and potential decline 408 

or extinction of endemic cold-water species (Brown et al., 2007; Fell et al., 2018). In 409 

the western United States, a number of cold-water stenothermal diatom taxa, some of 410 

which are endemics or alpine species with disjunct populations, are predicted to be at 411 

risk of extinction due to continued rise in temperature (Bahls, 2018). 412 

     Cold-stenothermic species confined to rivers with high percentage of glacier cover 413 

might decline because of increasing geographical and genetic isolation. Glacier 414 

shrinkage, reduced glacier stream connectivity and loss in cold-water habitats will 415 

likely reduce habitat variability and beta-diversity with lower species turnover 416 

between high-altitude freshwater habitats. In addition, dispersal limitation and a lack 417 

of suitable species pools nearby constrain colonization, particularly in mountain areas 418 

(Brederveld et al., 2011). Species of Gomphosinica could be at risk since all currently 419 

known species occur in high-altitude, mountainous regions including Gomphosinica 420 

chubichuensis, first described as Gomphonema chubichuensis Jüttner & Cox from the 421 

high-altitude stream (CC) in the Langtang Valley (Jüttner et al., 2000). Seven new 422 

species of Gomphosinica have been described from high altitude areas in China 423 

(Kunlun Mountains, Xinjiang Province) and the USA (Glacier National Park, 424 

Montana), and a new combination, Gomphosinica hedinii (Hustedt) Kociolek, You, 425 

Wang & Liu, is a species originally described from Southern Tibet (Kociolek et al., 426 

2015). More recently, four more species in this genus have been described from other 427 

high-altitude areas in Yunnan Province and Tibet, China (Cheng et al., 2018; Yang et 428 

al., 2019; Xie et al., 2025). In a study of 206 streams between 1994–2000 in the 429 

Himalaya of Nepal and India, G. chubichuensis was only abundant in streams 430 

between 2500–4000 m altitude (Jüttner et al., 2010). A change in the altitudinal range 431 

and frequency of occurrence of this species in the region might indicate changing 432 

conditions in high altitude freshwater habitats due to warming. At low altitudes 433 

warming could be indicated by abundance changes in N. nielsfogedii. In the Langtang 434 

Valley streams, this taxon was typical at altitudes ≤ 2561 m in the autumn, similar to 435 

its distribution in the wider Himalayan region where it frequently occurred between 436 

200–1700 m (Jüttner et al., 2010). More recently, this species became more abundant 437 

in 2000 and 2022 than in 1992. Navicula nielsfogedii has a wider regional distribution 438 
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and occurs at altitudes between 12–1625 m in Southeast Asia (Chudaev et al., 2020). 439 

In a sediment record spanning the last 100 years from the low-altitude Douhu Lake in 440 

China, a species identified as Navicula heimansioides Lange-Bertalot has increased 441 

since 1985, with this change believed to be caused by warming (Li et al., 2019). 442 

Navicula heimansioides and N. nielsfogedii are similar and the latter was previously 443 

misidentified as N. heimansioides (Jüttner et al., 2010; Chudaev et al., 2020). It is 444 

therefore possible that the Navicula from Douhu lake actually represents N. 445 

nielsfogedii, and its recent increase would confirm that the species indicates warming 446 

in the respective habitats. 447 

     Species varied in their elevational range. While G. chubichuensis, adapted to 448 

specific conditions at high altitudes, had a small elevational range, most high altitude 449 

species have a wide elevational range, while species that prefer lower altitudes were 450 

abundant across a smaller elevational range. Based on our limited dataset, which 451 

lacked streams < 1465 m, this appears to confirm Rapoport’s elevational rule that 452 

postulates larger elevational ranges in high altitude species which tolerate the highly 453 

variable conditions at higher altitudes (Stevens, 1992). A detailed analysis of range-454 

elevation relations for Himalayan diatoms is not available but previous observations 455 

suggest a lack of a consistent pattern. Some species occurred over the entire altitude 456 

range, while others were confined to low, mid or high altitudes (Jüttner et al., 2010). 457 

Teittinen et al. (2016) found no relationship between altitude range and altitude for 458 

diatoms in subarctic streams. For vascular plants in Nepal, tropical species supported 459 

Rapoport’s rule (when boundary effects were controlled for), while temperate species 460 

did not (Feng et al., 2016), and, in Taiwan, responses varied between plant groups 461 

(Zhang et al., 2010). 462 

     Patterns in diatom diversity varied across studies, with richness declining or 463 

increasing with altitude, peaking at mid-altitudes, showing no or a clear elevational 464 

trend, with local environmental factors being more important than altitude in, or 465 

jointly, determining taxa distribution (Teittinen et al., 2016; He et al., 2019; Sahin & 466 

Barinova, 2022). Overall, change in diatom richness in the Langtang Valley was not 467 

formally significant across altitude but was often higher at lower altitudes and sites 468 

with elevated Si concentrations reflecting observations elsewhere in the Himalaya 469 

(Jüttner et al., 2010), while richness at the high altitudes tended to be lower, similar to 470 

observations in alpine streams elsewhere (Bert et al., 2024). At high altitudes and in 471 

glaciated catchments, low temperature, turbidity, variability in flow and ice-cover can 472 

limit algal growth and reduce diversity (Hieber et al., 2001). In the European Alps, 473 
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taxonomic richness, the number of Red List diatom taxa, and Shannon diversity 474 

increased with decrease in glacier cover, while nestedness declined (Fell et al., 2018). 475 

Richness of marine phytobenthos in Sweden did not increase across a temperature 476 

gradient between 0.6–9.3 °C (Hillebrand et al., 2010). In the Himalaya, richness did 477 

not increase significantly over time, but mean richness was higher in 2022 and 2023. 478 

Macroinvertebrate richness increased over time in the same streams with the largest 479 

relative increase at the two highest altitude streams. Additional macroinvertebrate 480 

families were found in 2022 but, in contrast, no additional diatom taxa were found 481 

over time. Over time in both seasons, there was no correlation between diatom 482 

assemblage similarity and altitude, or with difference in vegetation cover, nor was 483 

there any pronounced effect on macroinvertebrate richness between 2900–3500 m 484 

(Jacobsen et al., 2024), suggesting that restricting monitoring to a single climate 485 

sensitive zone (CSZ, Shah et al., 2015) might be insufficient in the Langtang Valley. 486 

Assemblage change across altitude, season and time 487 

Diatom assemblage composition reflects geology and gradients in hydrochemistry, 488 

habitat and catchment characteristics that vary across altitude and regions (Rimet et 489 

al., 2007; Jüttner et al., 2010; Muñoz-López & Rivera-Rondón, 2022). Continued 490 

warming will lead to a significant change in the cryosphere at high altitudes. Changes 491 

in thermal and chemical conditions, organic and suspended matter, turbidity, 492 

streambed stability and hydrology, including increased groundwater contribution, will 493 

affect biological communities (Brown et al., 2007; Brighenti et al., 2019). Diatom 494 

beta-diversity in the Langtang Valley correlated with altitude and was due to a 495 

turnover of taxa. Nestedness did not contribute significantly in contrast to 496 

phytoplankton beta-diversity in a high-elevation river catchment in Tibet where 497 

nestedness was important particularly at sites with harsh environmental conditions at 498 

the highest (temperature) and lowest (salinity) altitudes (Jia et al., 2024). With rising 499 

temperatures species from lower elevations might expand upwards and initially 500 

replace species at mid altitudes. With few exceptions assemblages in the Langtang 501 

Valley became more dissimilar over time at altitudes up to 3458 m. Some species with 502 

a wide altitudinal range (R. sinuata, A. subhudsonis) became less abundant over time 503 

and in autumn, were replaced by the low-altitude species N. nielsfogedii. At higher 504 

altitudes assemblages have changed little except in the glacier-fed stream (CC). High-505 

altitude assemblages tended to be less diverse and were most distinct. Similar pattern 506 

were found in both subarctic and tropical streams where assemblage similarity 507 
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decreased significantly with elevational distance, headwater streams were highly 508 

unique and had high species turnover, but were also less diverse than higher order 509 

streams (Teittinen et al., 2016; Jyrkänkallio-Mikkola et al., 2018). A clear change in 510 

assemblages in the glacier-fed stream in the Langtang Valley indicates that glacial 511 

cold-water habitats might currently be more affected by warming due to retreating 512 

glaciers. Homogenisation of alpine streams will lead to a decline of uniquely adapted 513 

species (Cauvy-Fraunié & Dangles, 2019). Habitat heterogeneity is important for 514 

maintaining a high regional diversity and ecologically unique communities, and 515 

emphasizes the need to focus conservation and monitoring on high-altitude 516 

freshwaters (Robinson & Kawecka, 2005; Benito et al., 2020). 517 

     In the Langtang Valley, streams at mid-altitudes differed from those at higher and 518 

lower elevations due to species loss of high and low-altitude species. While some taxa 519 

were more abundant at certain altitudes, only G. chubichuensis was restricted to a 520 

narrow range at high altitudes resulting in specialised assemblages as reported from 521 

glaciated catchments elsewhere (Kochoska et al., 2025). Many species were abundant 522 

across a wide altitude range. This is in contrast to the Clementsian and Quasi-523 

Clementsian metacommunity structuring found in streams of the Cangshan Mountain, 524 

Yunnan, China, suggesting that groups of species in the assemblages responded in a 525 

similar way to changes in the environment with niche-based grouped species sorting 526 

and species pools replacing each other (Presley et al., 2010; Kurthen et al., 2020).  527 

There is evidence of diatom response to warming elsewhere. Many lake studies 528 

showed a significant shift in assemblages linked to global warming (Rühland et al., 529 

2008). For example, Sorvari et al. (2002) found that assemblage composition and 530 

richness changed in remote high latitude lakes in Finland and correlated with a change 531 

in spring temperature reflecting post-19th century Arctic warming. In marine 532 

phytobenthos, Hillebrand et al., (2010) found a significant increase in species 533 

turnover, altered species composition and indicator species with increasing 534 

temperature. In mountain streams in Spain, assemblages differed slightly between two 535 

time periods (2003-2008/2016-2020) but not significantly (González-Paz et al., 2021). 536 

Global warming will inevitably lead to changes in diatom species distribution with 537 

models predicting a large decline in cold-water taxa, an even larger increase in warm-538 

water taxa, a significant increase in species richness, but a significant decline in beta-539 

diversity (Pound et al., 2020).  540 

Conclusions 541 
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Changes in diatom assemblages in high altitude Himalayan streams across time, 542 

season and altitude suggest that diatoms responded to climatic warming and seasonal 543 

variation in temperature, and to altitudinal change in the environment such as 544 

gradients in water chemistry and vegetation cover. This was reflected by changes in 545 

species abundance with beta-diversity driven by a turnover of taxa rather than a 546 

pattern of nestedness. Diatom assemblage composition changed in most streams over 547 

time but long-term change was rarer at higher altitudes. A small number of taxa 548 

changed significantly in abundance over time, however, one species known from 549 

warmer stream habitats in the Himalaya increased in abundance and range at lower 550 

altitudes, and a species typical at high altitudes became less abundant when ice cover 551 

declined in a glacier-fed stream. The diatom collections at Amgueddfa Cymru – 552 

Museum Wales, Cardiff, the Natural History Museum, London, UK, and at 553 

Kathmandu University, Nepal, contain many samples collected from a variety of 554 

freshwater habitats in Nepal during the last 30 years and across large altitude 555 

gradients. These collections could be used in future studies to investigate further how 556 

warming has affected diatom assemblages in streams, lakes and springs in the 557 

Himalayan region. 558 

 559 

Acknowledgements   We thank the Department of National Parks and Wildlife 560 

Conservation for the permission to conduct the study in the Langtang National Park, 561 

Hem S. Baral for logistical, and Som G. Chhetri, for assistance in the field in 2000, 562 

and porters and guides for their logistical support in 2022 and 2023.  563 

 564 

Author contributions   Conceptualization: Ingrid Jüttner, Smriti Gurung, Dean 565 

Jacobsen; methodology / conducting research in the field: Ingrid Jüttner, Smriti 566 

Gurung, Steve J. Ormerod, Prizma Chapagain, Anubhuti Dhakal, Bhumika Thapa, 567 

Kumar Khatri, Pratima Paudel, Manita Rai, Nani Raut, Dean Jacobsen; methodology / 568 

conducting research in the laboratory: Smriti Gurung, Ingrid Jüttner; data analysis and 569 

interpretation: Ingrid Jüttner, Ian Vaughan; writing – original draft preparation: Ingrid 570 

Jüttner, Ian Vaughan; Writing – review and editing: Dean Jacobsen, Eileen J. Cox, 571 

Steve J. Ormerod, David M. Williams, Ian Vaughan, Smriti Gurung, Ingrid Jüttner; 572 

preparation of figures and tables: Ingrid Jüttner, Ian Vaughan; funding acquisition: 573 

Dean Jacobsen, Ingrid Jüttner, Steve J. Ormerod, Smriti Gurung. 574 

 575 



 

18 

 

Funding   This research was made possible due to funding from the Carlsberg grant 576 

CF22-1557 to DJ, and was partly funded by an EU Marie Curie Fellowship, MCFI-577 

1999-00133 to IJ, held at the Natural History Museum London, and by the UK 578 

Overseas Development Administration. 579 

 580 

Data availability   Data are available from the authors upon reasonable request. 581 

 582 

References 583 

APHA, AWWA, WEF, 2012. Standard Methods for Examination of Water and Waste 584 

Water. 22nd Edition, American Public Health Association, American Water Works 585 

Association, Water Environment Federation. Washington D.C., USA, pp. 1360. 586 

 587 

Anderson, N. J., 2000. Miniview: Diatoms, temperature and climatic change. 588 

European Journal of Phycology 35: 307–314. 589 

https://doi.org/10.1080/09670260010001735911. 590 

 591 

Bahls, L., 2017. Potential loss of cold-water stenothermal diatoms (Bacillariophyta) 592 

from their southern refugia in the western United States. Diatom Research 32: 483–593 

494. https://doi.org/10.1080/0269249X.2017.1403378. 594 

 595 

Bajracharya, S. R., S. B. Maharjan, F. Shrestha, O. R. Bajracharya & S. Baidya, 2014. 596 

Glacier status in Nepal and decadal change from 1980 to 2010 based on Landsat data. 597 

International Centre for Integrated Mountain Development (ICIMOD), Kathmandu. 598 

Retrieved from https://lib.icimod.org/record/29591. 599 

 600 

Baniya, B., N. P. Gaire, Q. Techato, Y. Dhakal & Y. P. Dhital, 2021. High Altitudinal 601 

Vegetation Dynamics Including Treeline Ecotone in Langtang National Park, Nepal. 602 

Nepal Journal of Environmental Science 9: 13–24. 603 

https://doi.org/10.3126/njes.v9i2.36605. 604 

 605 

Bartwal, T. & P. Nautiyal, 2025. Decadal variation in the diatom community structure 606 

of a Himalayan river. Environmental Monitoring and Assessment 197: 738. 607 

https://doi.org/10.1007/s10661-025-14162-8. 608 

 609 

https://doi.org/10.1080/09670260010001735911
https://doi.org/10.1080/0269249X.2017.1403378
https://lib.icimod.org/record/29591
https://doi.org/10.3126/njes.v9i2.36605
https://doi.org/10.1007/s10661-025-14162-8


 

19 

 

Baselga, A., D. Orme, S. Villeger, J. De Bortoli, F. Leprieur, M. Logez, S. Martinez-610 

Santalla, R. Martin-Devasa, C. Gomez-Rodriguez & R. Crujeiras, 2023. betapart: 611 

Partitioning Beta Diversity  into Turnover and Nestedness Components. R package 612 

version 1.6,  Retrieved from https://CRAN.R-project.org/package=betapart. 613 

 614 

Benito, X., A. Vilmi, M. Luethje, M. L. Carrevedo, M. Lindholm & S. C. Fritz, 2020. 615 

Spatial and temporal ecological uniqueness of Andean diatom communities are 616 

correlated with climate, geodiversity and long-term limnological change. Frontiers in 617 

Ecology and Evolution 8: 260. https://doi.org/10.3389/fevo.2020.00260. 618 

 619 

Bert, M., E. Falasco, L. Mobili, S. Piovano & F. Bona, 2024. Diatom assemblages in 620 

glacial-fed streams of Italian Western Alps. Botany Letters 1–17. 621 

https://doi.org/10.1080/23818107.2024.2400661. 622 

 623 

Biggs, B. J., R. J. Stevenson & R. L. Lowe, 1998. A habitat matrix conceptual model 624 

for stream periphyton. Archiv für Hydrobiologie 143: 21-56. 625 

 626 

Bopp, L., O. Aumont, P. Cadule, S. Alvain & M. Gehlen, 2005. Response of diatoms 627 

distribution to global warming and potential implications: A global model study. 628 

Geophysical Research Letters 32: L19606. https://doi.org/10.1029/2005GL023653. 629 

 630 

Brederveld, R. J., S. C. Jähnig, A. W. Lorenz, S. Brunzel & M. B. Soons, 2011. 631 

Dispersal as a limiting factor in the colonization of restored mountain streams by 632 

plants and macroinvertebrates. Journal of Applied Ecology 48: 1241-1250. 633 

https://doi.org/10.1111/j.1365-2664.2011.02026.x. 634 

 635 

Brighenti, S., M. Tolotti, M. C. Bruno, G. Wharton, M. T. Pusch & W. Bertoldi, 636 

2019. Ecosystem shifts in Alpine streams under glacier retreat and rock glacier 637 

thaw: A review. Science of the Total Environment 675: 542–559. 638 

https://doi.org/10.1016/j.scitotenv.2019.04.221. 639 

 640 

Brown, L.E., D. M. Hannah & A. M. Milner, 2007. Vulnerability of alpine stream 641 

biodiversity to shrinking glaciers and snowpacks. Global Change Biology 13: 958–642 

966. https://doi.org/10.1111/j.1365-2486.2007.01341.x. 643 

 644 

https://cran.r-project.org/package=betapart
https://doi.org/10.3389/fevo.2020.00260
https://doi.org/10.1080/23818107.2024.2400661
https://doi.org/10.1029/2005GL023653
https://doi.org/10.1111/j.1365-2664.2011.02026.x
https://doi.org/10.1016/j.scitotenv.2019.04.221
https://doi.org/10.1111/j.1365-2486.2007.01341.x


 

20 

 

Brown, L. E., A. M. Milner & D. M. Hannah, 2007. Groundwater influence on alpine 645 

stream ecosystems. Freshwater Biology 52: 878–890. https://doi.org/10.1111/j.1365-646 

2427.2007.01739.x. 647 

 648 

Cantonati, M., G. Corradini, I. Jüttner & E.J. Cox, 2001. Diatom assemblages in high 649 

mountain streams of the Alps and the Himalaya. Nova Hedwigia, Beiheft 123: 37–61.  650 

 651 

Cauvy-Fraunié, S., P. Andino, R. Espinosa, R. Calvez, D. Jacobsen & O. Dangles, 652 

2016. Ecological responses to experimental glacier-runoff reduction in alpine rivers. 653 

Nature Communications 7: 12025. https://doi.org/10.1038/ncomms12025. 654 

 655 

Cauvy-Fraunié, S. & O. Dangles, 2019. A global synthesis of biodiversity responses 656 

to glacier retreat. Nature Ecology & Evolution 3: 1675–1685. 657 

https://doi.org/10.1038/s41559-019-1042-8. 658 

 659 

Cheng, Y., Y. Liu & P. Kociolek, 2018. A new species of Gomphosinica 660 

(Bacillariophyta) from Lugu Lake, Yunnan Province, SW China. Phytotaxa 348: 118–661 

124. https://doi.org/10.11646/phytotaxa.348.2.6. 662 

 663 

Chudaev, D., I. Jüttner, A. Glushchenko, M. Kulikovskiy, S. Gurung & D. M. 664 

Williams, 2020. On the geographical distribution of Navicula nielsfogedii J.C. Taylor 665 

& Cocquyt. Diatom Research 35: 185–192. 666 

https://doi.org/10.1080/0269249X.2020.1758794. 667 

 668 

Clarke, K. P. & R. N. Gorley, 2015. PRIMER v7: user manual/tutorial. PRIMER-E 669 

Ltd, Plymouth. pp. 296 670 

 671 

Clitherow, L. R., J. L. Carrivick & L. E. Brown, 2013. Food Web Structure in a Harsh 672 

Glacier-Fed River. PLoS ONE 8: e60899. 673 

https://doi.org/10.1371/journal.pone.0060899. 674 

 675 

Diwate, P., N. K. Meena, S. Pandita, K. Luirei, S. Humane & R. Bhushan, 2024. 676 

Diatoms from Indian Himalaya (Renuka Lake) Responses to 20th Century Global 677 

Warming and Climate Change. In Kanga, S., G. Meraj, S. K. Singh, M. Farooq, M. S. 678 

https://doi.org/10.1111/j.1365-2427.2007.01739.x
https://doi.org/10.1111/j.1365-2427.2007.01739.x
https://doi.org/10.1038/ncomms12025
https://doi.org/10.1038/s41559-019-1042-8
https://doi.org/10.11646/phytotaxa.348.2.6
https://doi.org/10.1080/0269249X.2020.1758794
https://doi.org/10.1371/journal.pone.0060899


 

21 

 

Nathawat (eds), Geospatial Technology for Natural Resource Management. Scrivener 679 

Publishing LLC: 303–320. https://doi.org/10.1002/9781394167494.ch12. 680 

 681 

Eriksson, M., X. Jian Chu, A. B. Shrestha, R. A. Vaidya, S. Nepal & K. Sandström, 682 

2009. The changing Himalayas: impact of climate change on water resources and 683 

livelihoods in the greater Himalayas. International Centre for Integrated Mountain 684 

Development (ICIMOD), Kathmandu. pp. 22 685 

 686 

ESA, Sinergise, 2021. Copernicus Global Digital Elevation Model, GLO-30. 687 

Distributed by OpenTopography [accessed 2023 Nov 30]; 688 

https://doi.org/10.5069/G9028PQB. 689 

 690 

Fell, S. C., J. L. Carrivick, M. G. Kelly, L. Füreder & L. E. Brown, 2018. Declining 691 

glacier cover threatens the biodiversity of alpine river diatom assemblages. Global 692 

Change Biology 24: 5828–5840. https://doi.org/10.1111/gcb.14454. 693 

 694 

Feng, J., X. Hu, J. Wang & Y. Wang, 2016. Support for the elevational Rapoport’s 695 

rule among seed plants in Nepal depends on biogeographical affinities and boundary 696 

effects. Ecology and Evolution 6: 7246–7252. https://doi.org/10.1002/ece3.2473. 697 

 698 

Gautam, N. P., 2014. Impacts of climate change as evident in the Langtang catchment. 699 

Hydro Nepal 15: 30–36. https://doi.org/10.3126/hn.v15i0.11289. 700 

 701 

Genkal, S. I., & V. A. Gabyshev, 2025. Achnathidium pseudopusillum 702 

(Bacillariophyta), a new of diatoms for science. Inland Water Biology: 1-6. 703 

https://doi.org/10.1134/S1995082924600157. 704 

 705 

González-Paz, L., M. Comesaña, I. Pardo, J. Barquín, A. Goldenberg-Vilar & C. 706 

Delgado, 2022. Variability of diatom community composition and structure 707 

in mountain streams. Hydrobiologia 849: 1177–1194. https://doi.org/10.1007/s10750-708 

021-04779-4. 709 

 710 

Goslee, S. C. & D. L. Urban, 2007. The ecodist package for  dissimilarity-based 711 

analysis of ecological data. Journal of  Statistical Software 22: 1–19. 712 

https://doi.org/10.18637/jss.v022.i07. 713 

https://doi.org/10.1002/9781394167494.ch12
https://doi.org/10.5069/G9028PQB
https://doi.org/10.1111/gcb.14454
https://doi.org/10.1002/ece3.2473
https://doi.org/10.3126/hn.v15i0.11289
https://doi.org/10.1134/S1995082924600157
https://doi.org/10.1007/s10750-021-04779-4
https://doi.org/10.1007/s10750-021-04779-4
https://doi.org/10.18637/jss.v022.i07


 

22 

 

 714 

Guiry, M. D. & G. M. Guiry, 2026. AlgaeBase. World-wide electronic publication, 715 

University of Galway. https://www.algaebase.org; searched on 25 January 2026 716 

 717 

Gutiérrez-Cánovas, C., A. Millán, J. Velasco, I. P. Vaughan & S. J. Ormerod, 2013. 718 

Contrasting effects of natural and anthropogenic stressors on beta-diversity in river 719 

organisms. Global Ecology and Biogeography 22: 796–805. 720 

https://doi.org/10.1111/geb.12060. 721 

 722 

He, F., N. Wu, X. Dong, T. Tang, S. Domisch, Q. Cai & S. C. Jähnig, 2020. 723 

Elevation, aspect, and local environment jointly determine diatom and 724 

macroinvertebrate diversity in the Cangshan Mountain, Southwest China. Ecological 725 

Indicators 108: 105618. https://doi.org/10.1016/j.ecolind.2019.105618. 726 

 727 

Hieber, M., C. T. Robinson, S. R. Rushfort & U. Uehlinger, 2001. Algal communities 728 

associated with different alpine stream types. Arctic, Antarctic, and Alpine Research 729 

33: 447–456. https://doi.org/10.2307/1552555. 730 

 731 

Hillebrand, H., J. Soininen & P. Snoeijs, 2010. Warming leads to higher species 732 

turnover in a coastal ecosystem. Global Change Biology 16: 1181–1193. 733 

https://doi.org/10.1111/j.1365-2486.2009.02045.x. 734 

 735 

Hotaling, S., D. S. Finn, J. J. Giersch, D. W. Weisrock & D. Jacobsen, 2017. Climate 736 

change and alpine stream biology: progress, challenges, and opportunities for the 737 

future. Biological Reviews 92: 2024–2045. https://doi.org/10.1111/brv.12319. 738 

 739 

Immerzeel, W.W., L. P. H. van Beek, M. Konz, A. B. Shrestha & M. F. P. Bierkens, 740 

2012. Hydrological response to climate change in a glacierized catchment in the 741 

Himalayas. Climatic Change 110: 721–736. https://doi.org/10.1007/s10584-011-742 

0143-4. 743 

 744 

IPCC, 2022. Climate Change 2022: Impacts, Adaptation and Vulnerability. 745 

Contribution of Working Group II to the Sixth Assessment Report of the  746 

Intergovernmental Panel on Climate Change. Pörtner, H.-O., D. C. Roberts, M. 747 

Tignor, E. S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf,  748 

https://www.algaebase.org/
https://doi.org/10.1111/geb.12060
https://doi.org/10.1016/j.ecolind.2019.105618
https://doi.org/10.2307/1552555
https://doi.org/10.1111/j.1365-2486.2009.02045.x
https://doi.org/10.1111/brv.12319
https://doi.org/10.1007/s10584-011-0143-4
https://doi.org/10.1007/s10584-011-0143-4


 

23 

 

S. Löschke, V. Möller, A. Okem & B. Rama (eds), Cambridge University Press, 749 

Cambridge, UK, New York and USA. pp. 3056. 750 

https://doi.org/10.1017/9781009325844. 751 

 752 

Jacobsen, D., S. J. Ormerod, I. Jüttner, O. Rojas, K. T. Martinsen, K. Thapa, B. 753 

Khatri, P. Paudel, M. Rai, N. Raut & S. Gurung, 2024. Long-term changes and 754 

seasonal variability in the stream macrofauna of a Himalayan river system. Inland 755 

Waters 14: 171–184. https://doi.org/10.1080/20442041.2024.2394278. 756 

 757 

Jeelani, M., H. Kaur & R. Kumar, 2008. Impact of climate warming on the 758 

biodiversity of freshwater ecosystem of Kashmir, India. In Sengupta, M. & R. 759 

Dalwani (eds), Proceedings of Taal 2007: The 12th World Lake Conference: 1103–760 

1109. 761 

 762 

Jia, Y., H. Zhu, T. Xie, X. Xiong, Z. Li, Y. Cui, G. Liu, M. Liu & Y. Chen, 2024. 763 

From source to lake: Multi taxon alpha- and beta diversity patterns along a  river 764 

above 4500 m AMSL on the Qinghai-Tibetan Plateau. Water Biology and Security 3: 765 

100294. https://doi.org/10.1016/j.watbs.2024.100294. 766 

 767 

Jüttner, I., E. J. Cox & S. J. Ormerod, 2000. New or poorly known diatoms from 768 

Himalayan streams. Diatom Research 15: 237–262. 769 

https://doi.org/10.1080/0269249X.2000.9705498. 770 

 771 

Jüttner, I., E. Reichardt & E. J. Cox, 2004. Taxonomy and ecology of some new 772 

Gomphonema species common in Himalayan streams. Diatom Research 19: 235–264. 773 

https://doi.org/10.1080/0269249X.2004.9705873. 774 

 775 

Jüttner, I., P. D. J. Chimonides, S. J. Ormerod & E. J. Cox, 2010a. Ecology and 776 

biogeography of Himalayan diatoms: distribution along gradients of altitude, stream 777 

habitat and water chemistry. Fundamental and Applied Limnology 177: 293–311. 778 

https://doi.org/10.1127/1863-9135/2010/0177-0293. 779 

 780 

Jüttner, I., K. Krammer, B. Van de Vijver, A. Tuji, B. Simkhada, S. Gurung, S. 781 

Sharma, C. M. Sharma & E. J. Cox, 2010b. Oricymba (Cymbellales, 782 

https://doi.org/10.1017/9781009325844
https://doi.org/10.1080/20442041.2024.2394278
https://doi.org/10.1016/j.watbs.2024.100294
https://doi.org/10.1080/0269249X.2000.9705498
https://doi.org/10.1080/0269249X.2004.9705873
https://doi.org/10.1127/1863-9135/2010/0177-0293


 

24 

 

Bacillariophyceae), a new cymbelloid genus and three new species from the Nepalese 783 

Himalaya. Phycologia 49: 407–423. https://doi.org/10.2216/09-77.1. 784 

 785 

Jüttner, I., D. M. Williams, S. Gurung, B. Van de Vijver, Z. Levkov, C. M. Sharma, S. 786 

Sharma & E. J. Cox, 2017. The genus Odontidium (Bacillariophyta) in the Himalaya – 787 

a preliminary account of some taxa and their distribution. Phytotaxa 332: 1–21. 788 

https://doi.org/10.11646/PHYTOTAXA.332.1.1. 789 

 790 

Jüttner, I., J. P. Kociolek, S. Gurung, A. Gurung, C. M. Sharma, Z. Levkov, D. M. 791 

Williams & L. Ector, 2018. The genus Gomphonema (Bacillariophyta) in Rara Lake, 792 

Nepal: taxonomy, morphology, habitat distribution and description of five new 793 

species. Diatom Research 33: 283–320. 794 

https://doi.org/10.1080/0269249X.2018.1528182. 795 

 796 

Jyrkänkallio-Mikkola, J., M. Siljander, V. Heikinheimo, P. Pellikka & J. Soininen, 797 

2018. Tropical stream diatom communities – the importance of headwater streams for 798 

regional diversity. Ecological Indicators 95: 183–193. 799 

https://doi.org/10.1016/j.ecolind.2018.07.030. 800 

 801 

Kahlert, M., K. M. Rühland, I. Lavoie, F. Keck, E. Saulnier-Talbot, D. Bogan, R. B. 802 

Brua, S. Campeau, K. S. Christoffersen, J. M. Culp, S. M. Karjalainen, J. Lento, S. C. 803 

Schneider, R. Shaftel &  J. P. Smol, 2020. Biodiversity patterns of Arctic diatom 804 

assemblages in lakes and streams: Current reference conditions and historical context 805 

for biomonitoring. Freshwater Biology 67: 116–140. 806 

https://doi.org/10.1111/fwb.13490. 807 

 808 

Kattel, G. R., 2022. Climate warming in the Himalayas threatens biodiversity,  809 

ecosystem functioning and ecosystem services in the 21st century: is there a better 810 

solution? Biodiversity and Conservation 31: 2017–2044 811 

https://doi.org/10.1007/s10531-022-02417-6. 812 

 813 

Khamis, K., L. E. Brown, D. M. Hannah & A. M. Milner, 2016. Glacier – 814 

groundwater stress gradients control alpine river biodiversity. Ecohydrology 9: 1263–815 

1275. https://doi.org/10.1002/eco.1724. 816 

 817 

https://doi.org/10.2216/09-77.1
https://doi.org/10.11646/PHYTOTAXA.332.1.1
https://doi.org/10.1080/0269249X.2018.1528182
https://doi.org/10.1016/j.ecolind.2018.07.030
https://doi.org/10.1111/fwb.13490
https://doi.org/10.1007/s10531-022-02417-6
https://doi.org/10.1002/eco.1724


 

25 

 

Kim, Y. J. & O. M. Lee, 2017. A study of low-temperature and mountain epilithic 818 

diatom community in mountain stream at the Han River system, Korea. Journal of 819 

Ecology and Environment 41: 28. https://doi.org/10.1186/s41610-017-0048-x. 820 

 
821 

Kochoska, H., J. Kollár, K. Kopalová, M. Styllas, L. Ezzat, G. Michoud, H. Peter, M. 
822 

Bourquin, S. B. Busi, P. B. Hamilton, T. J. Battin, T. J. Kohler, 2025. Glacier-fed 
823 

stream diatoms (Bacillariophyta) from the Rwenzori Mountains, Uganda, with the 
824 

description of one new species from the genus Neidium. Diatom Research 40: 237–
825 

258. https://doi.org/10.1080/0269249X.2025.2474765. 
826 

 
827 

Kociolek, J. P., Q.-M. You, Q.-X. Wang & Q. Liu, 2015. Consideration of some 
828 

interesting freshwater gomphonemoid diatoms from North America and China, and 
829 

the description of Gomphosinica, gen. nov. Nova Hedwigia, Beiheft 144: 175–198.  
830 

Kuefner, W., A. Hofmann, S. Ossyssek, N. Dubois, J. Geist & U. Raeder, 2020. 
831 

Composition of highly diverse diatom community shifts as response to climate 
832 

change: A down-core study of 23 central European mountain lakes. Ecological 
833 

Indicators 117: 106590. https://doi.org/10.1016/j.ecolind.2020.106590. 
834 

 
835 

Kulikovskiy, M., H. Lange-Bertalot, A. Witkowski & G. Khursevich, 2011. 
836 

Achnanthidium sibiricum (Bacillariophyceae), a new species from bottom sediments 
837 

in Lake Baikal. Algological Studies 136/137: 77-87. https://doi.org/10.1127/1864-
838 

1318/2011/0136-0077. 
839 

 
840 

Kurthen, A. L., F. He, X. Dong, A. Maasri, N. Wu, Q. Cai & S. C. Jähnig, 2020. 
841 

Metacommunity Structures of Macroinvertebrates and Diatoms in High Mountain 
842 

Streams, Yunnan, China. Frontiers in Ecology and Evolution 8: 571887. 
843 

https://doi.org/10.3389/fevo.2020.571887. 
844 

 
845 

Lamsal, P., L. Kumar & K. Atreya, 2017a. Historical evidence of climatic variability 
846 

and changes, and its effect on high-altitude regions: insights from Rara and Langtang, 
847 

Nepal. International Journal of Sustainable Development & World Ecology 24: 471–
848 

484. https://doi.org/10.1080/13504509.2016.1198939. 
849 

 
850 

https://doi.org/10.1186/s41610-017-0048-x
https://doi.org/10.1080/0269249X.2025.2474765
https://doi.org/10.1016/j.ecolind.2020.106590
https://doi.org/10.1127/1864-1318/2011/0136-0077
https://doi.org/10.1127/1864-1318/2011/0136-0077
https://doi.org/10.3389/fevo.2020.571887
https://doi.org/10.1080/13504509.2016.1198939


 

26 

 

Lamsal, P., L. Kumar, F. Shabani & K. Atreya, 2017b. The greening of the Himalayas 
851 

and Tibetan Plateau under climate change. Global and Planetary Change 159: 77–92. 
852 

https://doi.org/10.1016/j.gloplacha.2017.09.010. 
853 

 
854 

Lange-Bertalot, H., G. Hofmann, M. Werum & M. Cantonati, 2017. Freshwater 
855 

Benthic Diatoms of Central Europe: Over 800 Common Species Used in Ecological 
856 

Assessment. English edition with updated taxonomy and added species. Cantonati, 
857 

M., M. G. Kelly & H. Lange-Bertalot (eds), Koeltz Botanical Books, Schmitten- 
858 

Oberreifenberg. pp.942. 
859 

 
860 

Li, F., D. N. Shah, S. U. Pauls, X. Qu, Q. Cai & R. D. T Shah, 2016. Elevational shifts 
861 

of freshwater communities cannot catch up climate warming in the Himalaya. Water 
862 

8: 327. https://doi.org/10.3390/w8080327. 
863 

 
864 

Li, J., L. Wang, Q. Cao, P. Rioual, G. Lei, B. Cai, J. Zhang, Y. Zou, Y. Yan, X. Wan 
865 

& J. Xiao, 2021. Diatom response to global warming in Douhu Lake, Southeast 
866 

China. Acta Geologica Sinica‐English Edition 95: 638–647. 
867 

https://doi.org/10.1111/1755-6724.14294. 
868 

 
869 

Lichstein, J., 2007. Multiple regression on distance matrices: A multivariate spatial 870 

analysis tool. Plant Ecology 188: 117–131. https://doi.org/10.1007/s11258-006-9126-871 

3 872 

 
873 

Liu, Q., A. Glushchenko, M. Kulikovskiy, Y. Maltsev & J.P. Kociolek, 2019. New 
874 

Hannaea Patrick (Fragilariaceae, Bacillariophyta) species from Asia, with comments 
875 

on the biogeography of the genus. Cryptogamie, Algologie 40: 41–61. 
876 

https://doi.org/10.5252/cryptogamie-algologie2019v40a5. 
877 

 878 

Lotter, A. F., H. J. B. Birks, W. Hofmann & A. Marchetto, 1997. Modern diatom, 
879 

cladocera, chironomid, and chrysophyte cyst assemblages as quantitative indicators 
880 

for the reconstruction of past environmental conditions in the Alps. I. Climate. Journal 
881 

of Paleolimnology 18: 395–420. https://doi.org/10.1023/A:1007982008956. 
882 

 
883 

LNP, 2020. Management Plan of Lamtang National Park and its Buffer Zone 884 

(2077/78-2081/82), Lamtang National Park Office, Dhunche, Rasuwa. pp.278. 885 

https://doi.org/10.1016/j.gloplacha.2017.09.010
https://doi.org/10.3390/w8080327
https://doi.org/10.1111/1755-6724.14294
https://doi.org/10.1007/s11258-006-9126-3
https://doi.org/10.1007/s11258-006-9126-3
https://doi.org/10.5252/cryptogamie-algologie2019v40a5
https://doi.org/10.1023/A:1007982008956


 

27 

 

 886 

Muñoz-López, C.L. & C.A. Rivera-Rondón, 2022. Diatom response to environmental 887 

gradients in the high mountain lakes of the Colombia’s Eastern Range. Aquatic 888 

Sciences 84: 15. https://doi.org/10.1007/s00027-021-00838-z. 889 

 890 

Negi, V. S., D. C. Tiwari, L. Singh, S. Thakur & I. D. Bhatt, 2022. Review and 891 

synthesis of climate change studies in the Himalayan region. Environment, 892 

Development and Sustainability 24: 10471–10502. https://doi.org/10.1007/s10668-893 

021-01880-5. 894 

 895 

Niedrist, G. H. & L. Füreder, 2018.  When the going gets tough, the tough get going: 896 

The enigma of survival strategies in harsh glacial stream environments. Freshwater 897 

Biology 63: 1260–1272. https://doi.org/10.1111/fwb.13131. 898 

 899 

Niku, J., F. K. C. Hui, S. Taskinen & D. I. Warton, 2019. gllvm: Fast analysis of 900 

multivariate abundance data with generalized linear latent variable models in R. 901 

Methods in Ecology and Evolution. 10: 2173–2182. 902 

https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.13303. 903 

Novais, M. H., I. Jüttner, B. Van de Vijver, M. M. Morais, L. Hoffmann & L. Ector, 
904 

2015. Morphological variability within the Achnanthidium minutissimum species 
905 

complex (Bacillariophyta): comparison between the type material of Achnanthes 
906 

minutissima and related taxa, and new freshwater Achnanthidium species from 
907 

Portugal. Phytotaxa, 224: 101–139. http://dx.doi.org/10.11646/phytotaxa.224.2.1. 
908 

 
909 

Pajunen, V., M. Luoto & J. Soininen, 2015. Climate is an important driver for stream 910 

diatom distributions. Global Ecology and Biogeography 25: 198–206. 911 

https://doi.org/10.1111/geb.12399. 912 

 913 

Pajunen, V., M. Luoto & J. Soininen, 2016. Stream diatom assemblages as predictors 914 

of climate. Freshwater Biology 61: 876–886. https://doi.org/10.1111/fwb.12750. 915 

 916 

Pardhi, S., T. Kokila, M. Thacker, B. Alakananda & B. Karthick, 2023. Diatoms 917 

(Bacillariophyta) of the world’s highest aquatic environments from the Western 918 

https://doi.org/10.1007/s00027-021-00838-z
https://doi.org/10.1007/s10668-021-01880-5
https://doi.org/10.1007/s10668-021-01880-5
https://doi.org/10.1111/fwb.13131
https://besjournals.onlinelibrary.wiley.com/doi/full/10.1111/2041-210X.13303
http://dx.doi.org/10.11646/phytotaxa.224.2.1
https://doi.org/10.1111/geb.12399
https://doi.org/10.1111/fwb.12750


 

28 

 

Himalayas, India. Oceanological and Hydrobiological Studies 52: 172–205. 919 

https://doi.org/10.26881/oahs-2023.2.04. 920 

 921 

Parray, J. A., S. A. Bandh & N. Shameem (eds), 2022. Climate Change and Microbes: 922 

Impacts and Vulnerability. Apple Academic Press, New York. 923 

https://doi.org/10.1201/9781003189725. 924 

 925 

Passy, S. I., C. A. Larson, A. Jamoneau, W. Budnick, J. Heino, T. Leboucher, J. 926 

Tison-Rosebery & J. Soininen, 2018. Biogeographical patterns of species richness and 927 

abundance distribution in stream diatoms are driven by climate and water chemistry. 928 

The American Naturalist 192: 605–617. https://doi.org/10.1086/699830. 929 

 930 

Perren, B., R. Quinlan, M. Rautio, E. Saulnier-Talbot, S. Siitonen, N. Solovieva & J. 931 

Weckström, 2005. Climate-driven regime shifts in the biological communities of 932 

arctic lakes. PNAS 102: 4397–4402. 933 

www.pnas.org/cgi/doi/10.1073/pnas.0500245102. 934 

 935 

Pound, K. L., C. A. Larson & S. I. Passy, 2021. Current distributions and future 936 

climate‐driven changes in diatoms, insects and fish in US streams. Global Ecology 937 

and Biogeography 30: 63–78. https://doi.org/10.1111/geb.13193. 938 

 939 

Presley, S. J., C. L. Higgins & M. R. Willig, 2010. A comprehensive framework for 940 

the evaluation of metacommunity structure. Oikos 119: 908–917. 941 

https://doi.org/10.1111/j.1600-0706.2010.18544.x. 942 

 943 

R Core Team, 2025. R: A Language and Environment for Statistical Computing_. R 944 

Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/. 945 

 946 

Rantala, M. V., T. P. Luoto, J. Weckström, M. Rautio, L. Nevalainen, 2017. Climate 947 

drivers of diatom distribution in shallow subarctic lakes. Freshwater Biology 62: 948 

1971–1985. https://doi.org/10.1111/fwb.13042. 949 

 950 

Retter, A., C. Karwautz & C. Griebler, 2021. Groundwater microbial communities in 951 

times of climate change. Current Issues in Molecular Biology 41: 509–538. 952 

https://doi.org/10.21775/cimb.041.509. 953 

https://doi.org/10.26881/oahs-2023.2.04
https://doi.org/10.1201/9781003189725
https://doi.org/10.1086/699830
http://www.pnas.org/cgi/doi/10.1073/pnas.0500245102
https://doi.org/10.1111/geb.13193
https://doi.org/10.1111/j.1600-0706.2010.18544.x
https://www.r-project.org/
https://doi.org/10.1111/fwb.13042
https://doi.org/10.21775/cimb.041.509


 

29 

 

 954 

Rimet, F., J. Gomà, J. Cambra, E. Bertuzzi, M. Cantonati, C. Cappelletti, F. Ciutti, A. 955 

Cordonier, M. Coste, F. Delmas, J. Tison, L. Tudesque, H. Vidal & L. Ector, 2007. 956 

Benthic diatoms in western European streams with altitudes above 800 m: 957 

characterisation of the main assemblages and correspondence with ecoregions. 958 

Diatom Research 22: 147–188. https://doi.org/10.1080/0269249X.2007.9705702. 959 

 960 

Robinson, C. T. & B. Kawecka, 2005. Benthic diatoms of an Alpine stream/lake 961 

network in Switzerland. Aquatic Sciences 67: 492–506. 962 

https://doi.org/10.1007/s00027-005-0783-4. 963 

 964 

Rühland, K., A. M. Paterson & J. P. Smol, 2008. Hemispheric‐scale patterns of 965 

climate‐related shifts in planktonic diatoms from North American and European lakes. 966 

Global Change Biology 14: 2740–2754. https://doi.org/10.1111/j.1365-967 

2486.2008.01670.x. 968 

 969 

Rühland, K. M., M. Andrew, A. M. Paterson & J. P. Smol, 2015. Lake diatom 970 

responses to warming: reviewing the evidence. Journal of Paleolimnology 54: 1–35. 971 

https://doi.org/10.1007/s10933-015-9837-3. 972 

 973 

Şahin, B. & S. Barinova, 2022. Role of altitude in formation of diatom diversity of 974 

high mountain protected glacier lakes in the Kaçkar Mountains National Park, Rize, 975 

Turkey. Environments 9: 127. https://doi.org/10.3390/environments9100127. 976 

 977 

Shah, R. D. T., S. Sharma, P. Haase, S. C. Jähnig & S. U. Pauls, 2015. The climate 978 

sensitive zone along an altitudinal gradient in central Himalayan rivers: a useful 979 

concept to monitor climate change impacts in mountain regions. Climatic Change 980 

132: 265–278. https://doi.org/10.1007/s10584-015-1417-z. 981 

 982 

Sharma, A., V. K. Dubey, J. A. Johnson, K. Sivakumar & Y. K. Rawal, 2022. 983 

Himalaya in a Rapidly Changing World: Climate Change Impacts and Conservation 984 

Implications on the Montane Freshwater Fauna. In Sobti, R. C., S. K. Malhotra, K. 985 

Jaiswal, S. Puri (eds) Environmental Studies and Climate Change, CRC Press, Boca 986 

Raton: 321–345. 987 

 988 

https://doi.org/10.1080/0269249X.2007.9705702
https://doi.org/10.1007/s00027-005-0783-4
https://doi.org/10.1111/j.1365-2486.2008.01670.x
https://doi.org/10.1111/j.1365-2486.2008.01670.x
https://doi.org/10.1007/s10933-015-9837-3
https://doi.org/10.3390/environments9100127
https://doi.org/10.1007/s10584-015-1417-z


 

30 

 

Shrestha, B., P. K. Mool & S. R. Bajracharya, 2007. Impact of climate change on 989 

Himalayan glaciers and glacial lakes: case studies on GLOF and associated hazards in 990 

Nepal and Bhutan. International Centre for Integrated Mountain Development 991 

(ICIMOD) pp. 127.  https://doi.org/10.53055/ICIMOD.470. 992 

 993 

Singh S., R. Kumar, A. Bhardwaj, L. Sam, M. Shekhar, A. Singh, R. Kumar & A. 994 

Gupta, 2016. Changing climate and glacio-hydrology in Indian Himalayan Region: a 995 

review. WIREs Climate Change 7: 393–410. https://doi.org/10.1002/wcc.393. 996 

 997 

Slemmons, K. E. H. & J. E. Saros, 2012. Implications of nitrogen-rich glacial 998 

meltwater for phytoplankton diversity and productivity in alpine lakes. Limnology & 999 

Oceanography 57: 1651–1663. https://doi.org/10.4319/lo.2012.57.6.1651. 1000 

 1001 

Slemmons, K. E. H., J. E. Saros & K. Simon, 2013. The influence of glacial meltwater 1002 

on alpine aquatic ecosystems: a review. Environmental Science Processes & Impacts 1003 

15: 1794–1806. https://doi.org/10.1039/C3EM00243H. 1004 

 1005 

Slemmons, K. E. H., M. L. Rodgers, J. R. Stone & J. E. Saros, 2017. Nitrogen 1006 

subsidies in glacial meltwaters have altered planktonic diatom communities in lakes 1007 

of the US Rocky Mountains for at least a century. Hydrobiologia 800: 129–144. 1008 

https://doi.org/10.1007/s10750-017-3187-2. 1009 

 1010 

Smol, J. P., A. P. Wolfe, H. J. B. Birks, M. S. V. Douglas, V. J. Jones, A. Korhola, 1011 

R. Pienitz, K. Rühland, S. Sorvari, D. Antoniades, S. J. Brooks, M.-A. Fallu, M. 1012 

Hughes, B. E. Keatley, T. E. Laing, N. Michelutti, L. Nazarova, M. Nyman, A. M. 1013 

Paterson & G. C. Stevens, 1992. The elevational gradient in altitudinal range: an 1014 

extension of Rapoport's latitudinal rule to altitude. The American Naturalist 140: 893–1015 

911. 1016 

 1017 

Soininen J., A. Jamoneau, J. Rosebery & S. I. Passy, 2016. Global patterns and drivers 1018 

of species and trait composition in diatoms. Global Ecology and Biogeography 25: 1019 

940–950. https://doi.org/10.1111/geb.12452. 1020 

 1021 

Soininen J., A. Jamoneau, J. Rosebery, T. Leboucher, J. Wang, M. Kokociński & S. I. 1022 

Passy, 2019. Stream diatoms exhibit weak niche conservation along global 1023 

https://doi.org/10.53055/ICIMOD.470
https://doi.org/10.1002/wcc.393
https://doi.org/10.4319/lo.2012.57.6.1651
https://doi.org/10.1039/C3EM00243H
https://doi.org/10.1007/s10750-017-3187-2
https://doi.org/10.1111/geb.12452


 

31 

 

environmental and climatic gradients. Ecography 42: 225–399. 1024 

https://doi.org/10.1111/ecog.03828. 1025 

 1026 

Sorvari, S., A. Korhola & R. Thompson, 2002. Lake diatom response to recent Arctic 1027 

warming in Finnish Lapland. Global Change Biology 8: 171–181. 1028 

https://doi.org/10.1046/j.1365-2486.2002.00463.x. 1029 

 1030 

Taxböck, L., H. P. Linder & M. Cantonati, 2017. To what extent are Swiss springs 1031 

refugial habitats for sensitive and endangered diatom taxa? Water 9: 967. 1032 

https://doi.org/10.3390/w9120967. 1033 

 1034 

Teittinen, A., L. Kallajoki, S. Meier, T. Stigzelius & J. Soininen, 2016. The roles of 1035 

elevation and local environmental factors as drivers of diatom diversity in subarctic 1036 

streams. Freshwater Biology 61: 1509–1521. https://doi.org/10.1111/fwb.12791. 1037 

 1038 

Thies, H., U. Nickus, M. Tolotti, R. Tessadri & K. Krainer, 2013. Evidence of rock 1039 

glacier melt impacts on water chemistry and diatoms in high mountain streams. Cold 1040 

Regions Science and Technology 96: 77–85. 1041 

https://doi.org/10.1016/j.coldregions.2013.06.006. 1042 

 1043 

Tornés, E., J. Alández-Rodríguez, A. Corrochano, P. Nolla-Querol, M. C. Trapote, S. 1044 

Sabater, 2022.  Impacts of climate change on stream benthic diatoms—a nation-wide 1045 

perspective of reference conditions. Hydrobiologia 849: 1821–1837. 1046 

https://doi.org/10.1007/s10750-022-04829-5. 1047 

 1048 

Tuladhar, S., B. Pasakhala, A. Maharjan & A. Mishra, 2021. Unravelling the linkages 1049 

of cryosphere and mountain livelihood systems: a case study of Langtang, Nepal. 1050 

Advances in Climate Change Research 12: 119–131. 1051 

https://doi.org/10.1016/j.accre.2020.12.004. 1052 

 1053 

Weckström, J., A. Korhola & T. Blom, 1997. The relationship between diatoms and 1054 

water temperature in thirty subarctic Fennoscandian lakes. Arctic and Alpine 1055 

Research, 29: 75–92. https://doi.org/10.1080/00040851.1997.12003217. 1056 

 1057 

https://doi.org/10.1111/ecog.03828
https://doi.org/10.1046/j.1365-2486.2002.00463.x
https://doi.org/10.3390/w9120967
https://doi.org/10.1111/fwb.12791
https://doi.org/10.1016/j.coldregions.2013.06.006
https://doi.org/10.1007/s10750-022-04829-5
https://doi.org/10.1016/j.accre.2020.12.004
https://doi.org/10.1080/00040851.1997.12003217


 

32 

 

Weckström, J., A. Korhola, P. Erästö & L. Holmström, 2006. Temperature patterns 1058 

over the past eight centuries in Northern Fennoscandia inferred from sedimentary 1059 

diatoms. Quaternary Research 66: 78–86. https://doi.org/10.1016/j.yqres.2006.01.005. 1060 

 1061 

Wilhelm, L., G. A. Singer, C. Fasching, T. J. Battin & K. Besemer, 2013. Microbial 1062 

biodiversity in glacier-fed streams. The ISME Journal 7: 1651–1660. 1063 

https://doi.org/10.1038/ismej.2013.44. 1064 

 1065 

Wischnewski, J., A. W. Mackay, P. G. Appleby, S. Mischke & U. Herzschuh, 2011. 1066 

Modest diatom responses to regional warming on the southeast Tibetan Plateau during 1067 

the last two centuries. Journal of Paleolimnology 46: 215–227. 1068 

https://doi.org/10.1007/s10933-011-9533-x. 1069 

 1070 

Xie, S.-Y., J.-M. Huang, K. Zheng, J.-S. Guo, J. P. Kociolek & Y.-L. Li, 2025. Two 1071 

new diatoms of the genus Gomphosinica from Chumba Yumco, Xizang, China. 1072 

Phytotaxa 684: 105–116. https://doi.org/10.11646/phytotaxa.684.1.6. 1073 

 1074 

Yang, L., Q.-M. You, J. P. Kociolek, L.-Q. Wang & W. Zhang, 2019. Gomphosinica 1075 

selincuoensis sp. nov., a new diatom (Bacillariophyceae) from North Tibet, China. 1076 

Phytotaxa 423: 195–205. https://doi.org/10.11646/phytotaxa.423.3.8. 1077 

 1078 

Yang, M., Y. Bi, S. Duan, F. Xiong, G. Guan & Y. Zhu, 2025. Effects of flushing 1079 

flow on periphytic algal community at different colonization stages. Hydrobiologia 1080 

852: 2819–2832. https://doi.org/10.1007/s10750-025-05797-2. 1081 

 1082 

Zhang, W., Q. Lu, J. Liang & Z. Shen, 2010. Altitudinal gradients of species richness 1083 

and range size of vascular plants in Taiwan: a test of Rapoport's rule. Biodiversity 1084 

Science 18: 312–322. https://doi.org/10.3724/SP.J.1003.2010.312. 1085 

 1086 

  
1087 

https://doi.org/10.1016/j.yqres.2006.01.005
https://doi.org/10.1038/ismej.2013.44
https://doi.org/10.1007/s10933-011-9533-x
https://doi.org/10.11646/phytotaxa.684.1.6
https://doi.org/10.11646/phytotaxa.423.3.8
https://doi.org/10.1007/s10750-025-05797-2
https://doi.org/10.3724/SP.J.1003.2010.312


 

33 

 

Figures 
1088 

 
1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 

 1105 

 1106 

Fig. 1. Study area: location of 13 streams, tributaries to the Langtang River, in the 1107 

Langtang Valley, Langtang National Park, Nepal. 1108 

Fig. 2. Variation in taxon richness (a) and Simpson’s evenness (b) of diatom 1109 

assemblages in 13 streams of the Langtang Valley, Nepal, across a 2345 m altitudinal 1110 
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gradient. Dashes link values found during five surveys at the same sites. Grey is used 1111 

to optically separate values found at sites located at similar altitudes. 1112 

 1113 

 1114 

Fig. 3. Mean taxon richness (a) and Simpson’s evenness (b) of diatom assemblages in 1115 

13 streams of the Langtang Valley, Nepal, in 1992, 1993, 2000, 2022 and 2023. 1116 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 

 1123 

 1124 

 1125 

 1126 

 1127 

Fig. 4. Gomphosinica chubichuensis (a), Navicula nielsfogedii (b), scale bar = 10 µm. 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 

 1135 

 1136 
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 1137 

Fig. 5. Generalised linear latent variable models (GLLVM) using log link and 1138 

negative binomial errors for 18 common diatom species in streams of the Langtang 1139 

Valley, Nepal; coefficient estimates and confidence intervals indicating change in 1140 

species abundance over time, season and altitude (black lines = significant change). 1141 

 1142 

Fig. 6. Abundance of diatom species in 13 streams of the Langtang Valley, Nepal, 1143 

across a 2345 m altitudinal range in autumn 1992 and 2022, and in spring 1993 and 1144 

2023. 1145 

 1146 
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 1147 

 1148 

Fig. 7. Relationship between Bray-Curtis similarity of diatom assemblages over time 1149 

and altitude.1150 

 1151 

 1152 

Fig. 8. Long-term change in diatom assemblages in 13 streams of the Langtang 1153 

Valley, Nepal, a) autumn 1992, 2022 and overlay of environmental gradients in 1154 

altitude and NDVI, NMDS, 3D stress: 0.1, b) spring 1993, 2023, NMDS, 3D stress: 1155 

0.11. 1156 

 1157 

 1158 
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 1159 

 1160 

Fig. 9a. Change in diatom assemblages in 13 streams of the Langtang Valley, Nepal, 1161 

each pair of graphs represents one stream with changes in assemblage composition 1162 

over time in autumn (left, 1992→2000→2022) and spring (right, 1993→2023), 1163 

streams located between 1465–3051 m a.s.l, NMDS, 3D stress: 0.13. 1164 

 1165 

 1166 
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 1167 

Fig. 9b. Change in diatom assemblages in 13 streams of the Langtang Valley, Nepal, 1168 

each pair of graphs represents one stream with changes in assemblage composition 1169 

over time in autumn (left, 1992→2000→2022) and spring (right, 1993→2023), 1170 

streams located between 3271–3810 m a.s.l., NMDS, 3D stress: 0.13. 1171 

 1172 

  
1173 
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 1174 

 1175 

Fig. 10. Seasonal change in environmental conditions across altitude in 13 streams of 1176 

the Langtang Valley, Nepal, NMDS, 3D stress: 0.05. 1177 

 1178 

 1179 

Fig. 11a and b. Seasonal change in diatom assemblages across altitude in 13 streams 1180 

of the Langtang Valley, Nepal; a) autumn 1992 and spring 1993, b) autumn 2022 and 1181 

spring 2023 and overlay of environmental gradients in altitude, NDVI and water 1182 
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chemistry (Si [dissolved], alkalinity [as CaCO3], total hardness [as CaCO3], calcium, 1183 

nitrate), NMDS, 3D stress 0.12. 1184 

 1185 

 1186 

 1187 

Fig. 12. Relationship between Bray-Curtis similarity of diatom assemblages in 1188 

autumn 1992 and 2022 and changes in vegetation cover over time. 1189 

 1190 

  
1191 
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Table 1. Orders, families, genera and species in streams of the Langtang Valley, 1192 

Nepal. 1193 

Achnanthales P.C.Silva    

Achnanthidiaceae 
D.G.Mann 

Achnanthidium Kütz.  
 

5 

Karayevia Round & 

Bukht. ex Round  

1 

Planothidium Round 

& Bukht. ex Round  
4 

Cocconeidaceae Kütz. Cocconeis Ehrenb.  

3 

  

Fragilariales P.C.Silva    

Fragilariaceae Kütz.    

Fragilaria Lyngb. 9 Odontidium Kütz.  

3 

  

Staurosiraceae Medlin Staurosira Ehrenb.  
 

1 

Staurosirella 
D.M.Williams & Round  
3 

Pseudostaurosira 
D.M.Williams & Round  
1 

Ulnariaceae E.J.Cox Hannaea R.M.Patrick  
  

1 

Ulnaria (Kütz.) 

Compère  
2 

 

Cymbellales D.G.Mann    

Cymbellaceae Kütz. Cymbella C.Agardh  
  

4 

Delicata Krammer  
  

1 

Didymosphenia 
Mart.Schmidt  
1 

Encyonemataceae 
Kulikovskiy, Mironov, 

Maltsev & Kociolek 

Encyonema Kütz.  

4 

  

Gomphonemataceae 
Kütz. 

Gomphonema 
Ehrenb.  

  

8 

Gomphosinica 
Kociolek, Q.-M.You, Q.-

X.Wang & Q.Liu  
1 

Reimeria Kociolek & 

Stoermer  
  

1 

Naviculales Bessey    

Naviculaceae Kütz. Adlafia Gerd Moser, 

Lange-Bert. & Metzeltin 
1 

Navicula Bory  
  

3 

 

Sellaphoraceae 
Mereschk. 

Sellaphora Mereschk. 

3 

  

Bacillariales Hendey Bacillariaceae 
Ehrenb. 

Denticula Kütz.  

1 

Nitzschia Hassall  

3 

Thalassiophysales 
D.G.Mann 

Catenulaceae 
Mereschk. 

Amphora Ehrenb. ex 
Kütz.  
3 

 

 1194 

 1195 

  
1196 
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Appendix 1197 

 1198 

Table 1. Normalized difference vegetation index (NDVI) of 13 stream  1199 

catchments in the Langtang Valley, Nepal, in 1992 and 2022. 1200 

  NDVI 

Streams Altitude (m) 1992 2022 

T1 1465 0.75 0.76 

T2 1660 0.65 0.70 

C13 2044 0.67 0.73 

C16 2519 0.69 0.71 

C19 2747 0.59 0.62 

C23 3051 0.37 0.49 

T10 3271 0.29 0.31 

C33 3443 0.38 0.54 

C26 3458 0.60 0.67 

C27 3570 0.54 0.65 

C29 3663 0.45 0.42 

C31 3790 0.27 0.32 

CC 3810 0.24 0.36 

 1201 

Table 2. Water chemistry in 13 streams of the Langtang Valley,  1202 

Nepal, in November 2022 and April 2023 (conductivity µS/cm;  1203 

ion concentrations mg/L; total hardness, alkalinity as CaCO3). 1204 

 1205 

 1206 

Conductivity 2022 2023 

T1 91 104 

T2 41 45 

C13 46 18 

C16 46 53 

C19 57 72 

C23 33 53 

T10 70 - 

C33 51 - 

C26 59 61 

C27 33 22 

C29 95 105 

C31 86 75 

CC 93 93 

Total hardness   

T1 30 46 

T2 12 22 

C13 12 12 

C16 14 20 

C19 20 28 

C23 22 22 

T10 38 - 

C33 20 - 

C26 22 26 

C27 16 20 

C29 36 46 
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C31 36 38 

CC 44 46 

Alkalinity   

T1 24 38 

T2 8 14 

C13 6 10 

C16 6 10 

C19 6 24 

C23 16 22 

T10 28 - 

C33 14 - 

C26 18 24 

C27 6 12 

C29 28 38 

C31 20 18 

CC 34 36 

Ca   

T1 8.4 12.8 

T2 3.8 4.8 

C13 4.4 2.4 

C16 4.6 4.8 

C19 6.3 8.8 

C23 7.6 7.2 

T10 14.1 - 

C33 6.6 - 

C26 6.5 6.4 

C27 5.3 3.2 

C29 12.1 13.6 

C31 12.2 11.2 

CC 15.6 15.4 

Na   

T1 3.3 7.1 

T2 2.1 6.6 

C13 1.7 4.8 

C16 2.6 6.0 

C19 2.2 5.8 

C23 1.5 5.6 

T10 1.1 - 

C33 2.2 - 

C26 3.7 7.3 

C27 1.2 4.1 

C29 4.0 9.8 

C31 1.9 5.0 

CC 1.7 5.6 

Si (dissolved)   

T1 40.2 35.2 

T2 25.5 25.4 

C13 22.9 28.3 

C16 29.3 25.4 

C19 24.9 31.2 



 

44 

 

 1207 

 1208 

Table 3. Diatom species richness and evenness in 13 streams of the Langtang Valley, 1209 

Nepal. 1210 

Richness N Mean SD Median SE 

1992 13 16.77 3.49 17 0.97 

1993 13 18.00 6.01 18 1.67 

2000 12 15.25 3.77 15 1.09 

2022 13 18.31 4.57 19 1.27 

2023 11 18.73 5.14 19 1.55 

Evenness N Mean SD Median SE 

1992 13 0.26 0.08 0.27 0.02 

1993 13 0.28 0.12 0.27 0.03 

2000 12 0.26 0.10 0.27 0.03 

2022 13 0.28 0.11 0.25 0.03 

2023 11 0.29 0.09 0.27 0.03 

 1211 

Table 4. Fitted simple linear mixed-effects models to test for effects of year, season 1212 

and altitude on diatom species richness and evenness in streams of the Langtang 1213 

Valley, Nepal. 1214 

 Value Std. Error DF t-value p-value 

Richness 

Intercept -68.52221 67.57261 47 -1.014053 0.3157 

Year 0.04599 0.03363 47 1.367471 0.1780 

Season 1.31250 0.94825 47 1.384125 0.1729 

Altitude -0.00229 0.00107 11 -2.138588 0.0557 

Evenness 

Intercept -0.4605413 1.8010644 47 -0.2557051 0.7993 

Year 0.0003906 0.0008971 47 0.4354423 0.6652 

Season 0.0141851 0.0252865 47 0.5609752 0.5775 

C23 12.8 23.1 

T10 10.2 - 

C33 12.1 - 

C26 21.7 12.7 

C27 8.3 6.9 

C29 24.9 24.2 

C31 15.9 9.2 

CC 14.0 14.4 

NO3
-   

T1 0.43 0.81 

T2 0.54 0.57 

C13 0.27 0.83 

C16 0.20 0.76 

C19 0.53 1.10 

C23 0.73 1.20 

T10 0.71 - 

C33 0.56 - 

C26 1.91 2.78 

C27 0.53 2.19 

C29 0.68 0.96 

C31 0.46 1.38 

CC 0.58 1.10 



 

45 

 

Altitude -0.0000185 0.0000191 11 -0.9704567 0.3527 

 1215 


