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Abstract

Mountain rivers of the Western Himalaya support freshwater biodiversity that is sensitive to thermal change, but spatially
continuous observations are difficult to obtain across remote terrain. We used Landsat 8 thermal observations to characterize
seasonal thermal conditions within selected river corridors in Uttarakhand, Himachal Pradesh, Jammu & Kashmir, and Ladakh
during 2014-2024. Four perennial, glacier-fed rivers-Alaknanda, Beas, Chenab, and Indus-were delineated from SRTM-
derived drainage networks, and a 50-m corridor was used as a consistent spatial unit for extracting satellite-derived land
surface temperature (LST). We quantified seasonal and interannual thermal patterns and screened temperature-based habitat
suitability for 10 freshwater fish species using published thermal ranges. Summer thermal conditions increased across the
study regions, with the largest reported increases of approximately 2°C over the study period in Jammu & Kashmir, Himachal
Pradesh, and Uttarakhand; Ladakh remained the coldest region. Temperature-based suitability declined for several cold-water
species, including Schizothorax richardsonii, Salmo trutta, and Oncorhynchus mykiss, whereas some warm-water species
showed stable or slightly increasing suitable area. Pixel-level linear trends were extrapolated to 2044 as a scenario representing
continuation of the observed 2014-2024 trend. The results demonstrate the value of satellite thermal observations for screening
spatial and temporal changes in river-corridor thermal conditions and identifying areas where freshwater fishes may
experience increasing thermal pressure. Because the analysis uses LST within a river corridor rather than direct in-water
temperature measurements, the results represent the thermal component of habitat suitability and should not be interpreted as a
complete assessment of fish habitat.
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Introduction and the limitations of remotely sensed river temperature,
Rivers of the Western Himalaya form important ecological particularly where river channels are narrower than the
connections between high-elevation headwaters and thermal pixel size or where adjacent land surfaces contribute
downstream valleys and support freshwater communities to the measured signal [-8 24, In the present study, Landsat-
adapted to strong thermal gradients. Glacier- and snow-fed derived LST extracted from standardized river corridors is
rivers provide cold environments for species such as used to characterize satellite-observed thermal conditions
Schizothorax richardsonii and other Himalayan fishes rather than as a direct measurement of in-water temperature.
whose distributions are influenced by thermal conditions. The objectives of this study were to: (i) characterize
River temperature affects oxygen availability, metabolic seasonal and interannual patterns in Landsat-derived
processes, nutrient cycling, and biological activity & 2, thermal conditions within selected Western Himalayan river
Consequently, warming of river environments can alter the corridors during 2014-2024; (ii) quantify spatial and
spatial availability of conditions suitable for cold-water temporal changes in these thermal conditions; (iii) assess
fishes and may contribute to shifts in their distributions ™ temperature-based habitat suitability for selected freshwater
19, fish species using published thermal tolerance ranges; and
Cold-water fishes can have relatively narrow thermal (iv) explore a trend-based 2044 scenario representing
tolerance ranges, and temperatures outside suitable ranges continuation of the recent thermal trend.

can affect metabolism, growth, reproduction, and survival.

Water temperature also influences oxygen solubility, Materials and Methods

nutrient cycling, and biological activity in streams 1. These Study area: The study was conducted in four regions in the
relationships are particularly important in Mountain Rivers Western Himalayan Mountains: Uttarakhand, Himachal
where thermal conditions vary strongly with elevation and Pradesh, Jammu & Kashmir, and Ladakh. These regions are
season. Elevation-dependent warming has been documented renowned worldwide for the diversity of river system and
across mountain regions, including the Himalaya [51. vulnerable glacial-fed hydrology. The chosen rivers
Long-term observations of river thermal conditions are represent the variation in the altitudinal belt (1,000 m to
difficult to obtain in remote mountain regions because >3,500 m a.s.l.), climatic zone (temperate to sub-arctic), and
monitoring infrastructure is spatially sparse. Thermal remote topographic gradient, which makes them optimal for
sensing provides a means of examining spatial patterns over comparative thermal studies. Uttarakhand features the range
large areas and through time. Landsat observations have of altitude from about 300 m to more than 7,000 m above
been used to characterize riverine thermal environments, the sea level and includes the sources of the Ganga and
while previous studies have highlighted both the potential Yamuna rivers. According to the 2023 India State of Forest
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Report (ISFR), the total area of forest cover in Uttarakhand
is estimated at about 38,000 km? (71.05% of the total area).
The total area of forest cover in Himachal Pradesh equals
37,948 km? (68.16% of the total area), while it is
characterized by the major river systems: Satluj, Beas, Ravi,
and Chenab. The forest cover in Jammu & Kashmir equals
approximately 20,230 km?2 (19.95% of the total area); there
are major river systems in Jammu & Kashmir: Jhelum,
Chenab, Tawi, Lidder, and Sindh.

River selection: Through hydrological extraction
techniques based on high-resolution DEM, rivers in the 3rd-
and 4th-order were identified, representing mid to large
streams essential for sustaining aquatic ecosystems. Four
rivers have been chosen: Indus (Ladakh, 34.15°N, 77.58°E,
4th order), Beas (Himachal Pradesh, 31.81°N, 76.98°E, 3rd
order), Alaknanda (Uttarakhand, 30.03°N, 78.28°E, 4th
order), and Chenab (Jammu & Kashmir, 32.98°N, 75.53°E,
3rd order). All these selected rivers are fed by glaciers and
are perennial. Therefore, they form the perfect candidates
for conducting a thermal regime study of rivers under the
impact of climate change.

River extraction and corridor delineation: River
networks were delineated from SRTM-derived elevation
data using sink filling, D8 flow direction, flow
accumulation, stream thresholding, and Strahler stream
ordering. Third- and fourth-order segments corresponding to
the selected rivers were retained. A 50-m buffer on either
side of each selected river segment was then generated as a
consistent spatial unit for extracting the thermal
observations through time. The buffer size was selected in
relation to the spatial-resolution limitations of Landsat
thermal observations and the river-temperature literature [,
The resulting polygon represents a river corridor rather than
the wetted channel itself; consequently, pixels may include
water, exposed sediment, riparian vegetation, or adjacent
land, particularly in narrow channels.

Satellite data and pre-processing: Landsat 8 Thermal
Infrared Sensor (TIRS) Band 10 observations were used for
2014-2024. Cloud-free seasonal composites were generated
for summer (May-June) and winter (December-January).
Band 10 has an original spatial resolution of 100 m and was
resampled to 30 m for spatial alignment with the analysis

data were obtained from USGS Earth Explorer. Cloud
masking was performed in Google Earth Engine using the
quality-assurance bands with a cloud threshold of less than
20%. Thermal rasters were reprojected to the appropriate
UTM zone and clipped to the 50-m river-corridor polygons.
Temperatures were converted from Kelvin to degrees
Celsius.

Methods: Landsat-derived thermal condition estimation: A
surface-temperature estimate was derived from TIRS Band
10 wusing the radiance, brightness-temperature, and
emissivity-correction procedure described by Avdan and
Jovanovska . Digital numbers were converted to spectral
radiance using the sensor scaling factors, and brightness
temperature was calculated using the Landsat calibration
constants

K1=774.89 W m—2 sr—1 um—1 and K2 = 1321.08 K.

An emissivity of 0.98 was used for water pixels,

While the NDVI-based expression € = 0.004 x NDVI +
0.986

Was applied to riparian or mixed pixels. The corrected
surface temperature was calculated using the radiative-
transfer formulation and converted to degrees Celsius.
Because the analysis is based on a 50-m river corridor and
the Landsat thermal measurement can integrate adjacent
surfaces, the resulting variable is referred to as Landsat-
derived thermal conditions or LST within the river corridor,
rather than direct thermal conditions.

Fish species selection and temperature-based suitability:
Ten freshwater fish species representing cold-, cool-, and
warm-water thermal guilds were analysed using the species-
specific temperature ranges listed in Table 1. Each analysis
pixel was classified as thermally suitable (1) when the
Landsat-derived temperature fell within the species-specific
Tmin-Tmax interval and as thermally unsuitable (0)
otherwise. Suitable area was calculated from the number of
suitable 30-m pixels. This is a temperature-based screening
of potential habitat conditions; it does not represent
complete habitat suitability because flow, depth, substrate,

| ' ling d dd ial in ion b q oxygen, connectivity, biotic interactions, and other
ayers, resampling does not add spatial Information beyon ecological factors were not modelled.
the original thermal measurement. Level-1 terrain-corrected
Table 1: Species-specific temperature ranges used for thermal-suitability classification
Scientific Name Common Name Temperature Range (°C) Thermal Guild
Tor putitora Golden Mahseer 5-25 Cool-water
Schizothorax richardsonii Snow Trout 10-15 Cold-water
Schizothorax plagiostomus Punjab Snow Trout 15-22 Cool-water
Neolissochilus hexagonolepis Copper Mahseer 18-22 Cool-water
Salmo trutta Brown Trout 12.77-18.33 Cold-water
Oncorhynchus mykiss Rainbow Trout 14-18 Cold-water
Bagarius yarrelli Goonch Catfish 16-23 Cool-water
Notopterus notopterus Featherback 20-28 Warm-water
Clarias batrachus Catfish 20-26 \Warm-water
Amblypharyngodon mola Mola Carplet 22.2-25.6 Warm-water

Trend analysis and 2044 scenario: Interannual trends were
examined using linear regression of seasonal mean LST
against year for 2014-2024. Pixel-level linear regression
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was also used to characterize the spatial pattern of recent
thermal change. For the 2044 scenario, the 2024 LST was
extrapolated using the fitted 2014-2024 slope: LST2044 =



LST2024 + (slope x 20). The 2044 results therefore
represent a scenario in which the recent linear trend
continues at the same rate; they are not climate-model
projections and should not be interpreted as predictions
under specified greenhouse-gas scenarios. Raster processing
and spatial analyses were performed using the R packages
terra, dplyr, sf, and ggplot2, with QGIS used for spatial
visualization.

Occurrence-based evaluation: The 2024 temperature-
based suitability maps were compared with independent
species-occurrence information obtained from field survey
efforts and the Global Biodiversity Information Facility
(GBIF). Occurrence points were overlaid on the 2024 binary
thermal-suitability layers, and the proportion of occurrence
points falling within thermally suitable pixels was
calculated. This provides an occurrence-based assessment of
ecological consistency rather than a full validation of habitat
suitability, because species occurrence is influenced by
environmental and biological factors beyond temperature.

Results and Discussion

Seasonal and spatial thermal patterns: Landsat-derived
thermal conditions within the river corridors showed
warming tendencies across the four Western Himalayan
regions during 2014-2024. Summer values were generally
higher than winter values, and the magnitude of change
varied geographically. Jammu & Kashmir summer LST
increased from approximately 22°C in 2014 to 24°C in
2024, with a reported slope of about 0.2°C yr—1 (p < 0.05);
winter values increased from approximately 4°C to 6°C. In
Ladakh, summer LST increased from about 15°C to 17°C
and winter LST from about —5°C to —3°C, although winter
variability reduced the strength of the fitted trend. Himachal
Pradesh summer LST increased from approximately 20°C to
22°C (slope about 0.2°C yr—1; p < 0.05). Uttarakhand had
the highest summer values among the four regions,
increasing from approximately 24°C to 26°C (p < 0.05).
These results describe changes in satellite-observed thermal
conditions within the river corridors and should not be
interpreted as direct measurements of in-water temperature.

. 2014 Summer 2014 winter

A

2015 Summer " 2015 winter

2020 Summer

Fig 1: Landsat-derived land surface temperature (LST) for river buffer zones across all four
Himalayan states from 2014 to 2024 (summer and winter seasonal maps).
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Changes in temperature-based habitat suitability: The
seasonally available LST dataset was used to quantify areas
meeting the temperature ranges assigned to the 10 fish
species from 2014 through 2024. The temporal patterns
varied among species. Several cold-water species showed
declines in temperature-based suitable area, whereas some
warm-water species showed stable or slightly increasing
suitable area. For example, Schizothorax richardsonii
summer suitable area decreased from 84.05 km2 in 2014 to
52.74 km2 in 2024, with a low of 27.04 km2 in 2022. Salmo

trutta declined from 13557 to 76.20 km?, while
Oncorhynchus mykiss declined from 101.90 to 56.55 km2,
Tor putitora and Neolissochilus hexagonolepis showed
smaller and statistically weaker declines, whereas
Amblypharyngodon mola and Notopterus notopterus
showed slight positive tendencies that were not statistically
significant (p > 0.1). These results indicate changes in
temperature-based suitability rather than confirmed changes
in species abundance or distribution.
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Fig 2: Suitable habitat area trend of Schizothorax richardsonii.
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Fig 3: Suitable habitat area trend of Schizothorax plagiostomus
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Salmo trutta (Brown trout): Suitable Habitat Area Trend
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Fig 4: Suitable habitat area trend of Salmo trutta (Brown Trout).
Oncorhynchus mykiss (Rainbow): Suitable Habitat Area Trend
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Fig 5: Suitable habitat area trend of Oncorhynchus mykiss (Rainbow Trout).
Tor putitor (Golden masheer): Suitable Habitat Area Trend
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Fig 6: Suitable habitat area trend of Tor putitora (Golden Mahseer).
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Neolissochilus hexagonolepis: Suitable Habitat Area Trend
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Fig 7: Suitable habitat area trend of Neolissochilus hexagonolepis.
Amblypharyngodon mola (Mola): Suitable Habitat Area Trend
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Fig 8: Suitable habitat area trend of Amblypharyngodon mola (Mola).
Notopterus notopterus (Feather): Suitable Habitat Area Trend
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Fig 9: Suitable habitat area trend of Notopterus notopterus (Featherback).
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Clarias batrachus (Catfish): Suitable Habitat Area Trend
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Fig 10: Suitable habitat area trend of Clarias batrachus (Catfish).

Table 2: Seasonal suitable habitat area (km?) for selected species, 2014-2044 (2044 = trend-based projection)

v S. richardsonii | S. richardsonii Tor putitora Tor putitora | Amblypharyngodon mola | Notopterus notopterus
ear - .
Summer Winter Summer Winter Summer Summer

2014 84.05 678.06 667.16 2163.79 315.29 795.26
2015 124.06 629.06 1009.62 2052.27 485.90 1160.65
2016 66.48 634.98 643.57 2255.84 328.87 825.77
2017 72.90 642.15 809.83 2073.11 445.34 1069.01
2018 42.37 687.43 694.58 1834.93 420.13 1035.36
2019 68.01 627.27 931.75 1477.61 531.24 1237.11
2020 61.17 619.07 679.01 1637.65 381.21 956.30
2021 62.67 640.53 656.60 1845.98 377.03 992.88
2022 27.04 614.99 436.58 1977.26 281.92 718.76
2023 89.94 742.78 795.65 2349.82 392.12 958.84
2024 52.74 634.83 552.21 2057.85 306.95 769.13

2044 (proj.) 83.59 657.07 700.01 1837.27 332.23 803.67

Seasonal contrasts: Summer showed a stronger and more temperatures near or above their upper tolerance during

spatially consistent warming tendency than winter. In lower-
elevation Uttarakhand reaches, the reported summer
increase over the decade was approximately 2°C compared
with about 1°C in winter. The seasonal contrast is relevant
because cold-water fishes are most likely to encounter

warmer months. Conversely, some warm-water fishes may
retain or gain temperature-based suitability under warmer
conditions. These patterns provide a remote-sensing
indicator of thermal pressure rather than a complete
ecological response.
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Fig 11: Comparison of summer and winter LST changes by elevation.



Coldwater Fish Habitat Suitability

Warmwater Fish Habitat Suitability

Clarias batrachus (Catfish)
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Fig 12: Comparison of cold-water and warm-water fish thermal suitability.
Habitat Area Comparison (2014 - filled, 2044 - outline)
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Fig 13: Habitat area comparison across selected fish species for 2014-2044.

Linear trend analysis: Linear regression was used to
characterize the direction and magnitude of change in the
2014-2024 time series. Positive slopes were reported across
the study regions, with summer slopes generally stronger
than winter slopes. Pixel-level results showed a
predominantly positive spatial pattern of thermal change.
Because the observation period is limited to 11 years and
seasonal variability is substantial, the fitted slopes should be
interpreted as recent trends rather than long-term climate
trajectories.

Trend-based 2044 scenario: The pixel-level 2014-2024
trends were extrapolated to 2044 using the linear
relationship described in the Methods. The resulting
scenario indicates warmer thermal conditions and associated
changes in temperature-based suitability for the selected fish
species. The scenario is conditional on continuation of the
recent linear trend and is therefore not equivalent to a
climate-model projection. It should be used to identify
potential thermal-pressure hotspots for monitoring rather
than as a prediction of future species distributions.

Ecological and conservation implications: The results
illustrate how remotely sensed thermal conditions can
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provide a broad screening layer for freshwater conservation
in data-sparse mountain environments. The decline in
temperature-based suitability for several cold-water fishes is
consistent with their sensitivity to thermal conditions [*3 14
16 191 However, the maps should not be interpreted as
evidence of population decline, extinction risk, or complete
habitat loss. Their principal conservation value is to identify
river reaches and species groups where targeted field
monitoring and more detailed ecological assessment may be
warranted.

Limitations and uncertainty: Four limitations are
important when interpreting the results. First, Landsat-
derived LST from a 50-m river corridor is not equivalent to
direct in-water temperature; surface energy conditions,
riparian vegetation, exposed sediment, channel width,
shading, and groundwater inputs can cause differences
between satellite-observed surface temperature and water
temperature. Second, the 50-m corridor and 30-m resampled
grid can contain mixed pixels, particularly along narrow
channels. Third, the fish analysis represents only the thermal
component of habitat suitability and does not include flow,
depth, substrate, dissolved oxygen, food availability,
connectivity, or biotic interactions. Fourth, the observation



period is limited to 2014-2024; consequently, the 2044
results are trend-based scenarios rather than robust long-
term forecasts.

Conclusion

The analysis demonstrates that Landsat-derived thermal
observations can characterize seasonal and interannual
thermal patterns within Western Himalayan river corridors
and provide a spatial screening layer for freshwater
ecological assessment. Across the selected regions, the
analysis identified warming tendencies from 2014 to 2024,
with stronger increases generally occurring during summer.
Applying published species-specific temperature ranges
indicated potential contraction of thermally suitable
conditions for several cold-water fishes and relative
persistence or expansion for some warm-water species. A
linear 2044 scenario further illustrated how continuation of
the recent trend could alter the spatial distribution of thermal
conditions. The outputs should be interpreted as satellite-
derived thermal conditions and temperature-based habitat
indicators  rather  than  direct  water-temperature
measurements or complete habitat-suitability models. Their
principal application is to identify river reaches and species
groups where increasing thermal pressure warrants targeted
field monitoring and more detailed ecological assessment.
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