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Abstract

Indian geothermal hot springs contain diverse thermal and hydrochemical habitats, yet
their diatom communities remain poorly characterized. This structured narrative review
synthesizes historical and recent records of Indian geothermal diatoms, supported by
selected international geothermal observations and experimental studies. We identified
the literature through Google Scholar, locality-specific searches, and reference screening,
and we evaluated records for sampling context, temperature measurements, identification
method, and evidence of thermal association. Indian studies document diatoms in spring
tanks, outflows, microbial mats, and deposits, but differences in sampling effort, taxo-
nomic resolution, and environmental reporting preclude reliable nationwide comparisons.
Observations from selected Indian sites, consistent with international studies, suggest
frequent occurrence in moderately heated waters and cooler spring margins; however, this
is not a quantitatively established Indian pattern. Crucially, microscopy records, molecular
detections, and preserved valves do not independently demonstrate active growth, thermo-
tolerance, or thermophily. Temperature, pH, hydrochemistry, and silica plausibly influence
these assemblages, but their independent effects on Indian assemblages remain unresolved.
Experimental work involving geothermal and non-geothermal diatoms identifies potential
heat-response mechanisms that require testing in Indian taxa. We propose an evidence-
classification scheme and priorities for spatially matched sampling, integrative taxonomy,
controlled growth experiments, and long-term monitoring to support future bioassessment,
contingent on Indian calibration and independent validation.

Keywords: geothermal diatoms; Indian hot springs; thermal tolerance; thermophilic
diatoms; geothermal biodiversity

1. Introduction

Surface geothermal systems provide natural settings for investigating biological re-
sponses to extreme conditions because they exhibit interacting gradients of temperature,
pH, and water chemistry [1-3]. Research on these systems has advanced understanding of
thermophilic microorganisms and their physiological adaptations [4-6]. However, geother-
mal systems are not thermally uniform environments. Spring sources, outflow channels,
pools, microbial mats, and surrounding waters can differ substantially in temperature,
chemical composition, and habitat characteristics [7]. These variations create distinct eco-
logical conditions within the same geothermal system and complicate the interpretation
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of microbial distributions. In particular, detecting an organism within a geothermal envi-
ronment does not necessarily demonstrate that it can grow at the highest temperatures
recorded in that system. Understanding the ecological significance of geothermal microor-
ganisms therefore requires distinguishing their occurrence in thermally influenced habitats
from experimentally demonstrated physiological tolerance or adaptation [8].

India contains approximately 340 reported hot springs across diverse geological,
thermal, and hydrochemical settings [9,10]. Researchers have investigated these geothermal
systems for their geology, water chemistry, and microbial diversity. However, research has
focused predominantly on bacteria, archaea, and geothermal processes, while information
on diatoms remains scattered across historical taxonomic investigations and more recent
ecological studies. Indian geothermal springs occur in contrasting geological regions,
including the Himalayan geothermal belt, western and peninsular India, and eastern
geothermal provinces [9,10]. These systems differ in their geological origins, hydrochemical
characteristics, and thermal conditions, providing potentially valuable environments for
examining how aquatic microorganisms respond to environmental gradients. Nevertheless,
the geographical distribution of geothermal systems should not be confused with the extent
of biological investigation. Many Indian geothermal localities have been characterized
physicochemically without corresponding taxonomic or ecological assessments of their
diatom communities [11-13]. Consequently, the available diatom literature represents
an unevenly investigated subset of India’s geothermal environments, limiting broader
conclusions about geographical distribution, diversity, and ecological preferences.

Diatoms (Bacillariophyceae) are key components of aquatic ecosystems, contributing
to primary production and biogeochemical cycling while responding to environmental
changes [14,15]. Several interacting factors influence their distribution and community com-
position, including temperature, pH, nutrient availability, conductivity, and hydrochemistry.
Geothermal springs provide valuable settings for investigating these relationships because
they contain pronounced thermal and chemical gradients, often within relatively small
geographical areas [16-19]. However, interpreting diatom distributions in geothermal
environments requires consideration of both ecological and physiological processes [16-18].
Temperature may constrain growth, photosynthetic performance, and cellular metabolism,
whereas pH, dissolved silica, ionic composition, nutrient availability, and substrate charac-
teristics can influence habitat suitability and assemblage composition [20]. Because these
variables frequently change together along geothermal gradients, associations between
diatom occurrence and temperature cannot automatically be interpreted as direct thermal
responses. Furthermore, the presence of identifiable valves or cells does not indepen-
dently establish sustained growth, thermotolerance, or thermophily. Distinguishing these
processes is especially important where environmental measurements are incomplete or
biological observations are not linked to the precise conditions at collection sites.

Investigations of Indian geothermal diatoms include early floristic observations from
western Indian thermal springs [21-27], records from Bakreswar [28], and subsequent
studies from Odisha, Jharkhand, Himachal Pradesh, Uttarakhand, and Ladakh [29-35],
These investigations demonstrate that diatoms occur in several Indian geothermal systems
and associated thermal habitats. However, the studies differ considerably in sampling
methods, taxonomic resolution, habitat characterization, and environmental measurements,
making direct comparisons difficult. In particular, temperatures were not always measured
at the diatom collection sites, and reported richness may reflect pooled observations from
multiple sampling sites. A further challenge is the interpretation of geothermal diatom
records. Identifying diatoms in a hot spring does not necessarily show that they grow opti-
mally at elevated temperatures. Some taxa may tolerate moderately heated environments,
occupy cooler spring margins or outflows, or occur as transported material. For example,
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diatom valves in Puga geothermal sinter deposits may reflect deposition from adjacent
cooler-water habitats rather than active growth under high-temperature conditions [36].
Distinguishing field occurrence from demonstrated thermal tolerance and experimentally
confirmed thermophily is therefore essential for interpreting the ecological significance of
these records.

Despite these investigations, Indian geothermal diatom records have not been critically
integrated to establish the current evidence base and its principal limitations. The central
problem is not simply the limited number of studies, but the lack of comparability among
their biological observations, environmental measurements, and approaches to identifying
diatoms. Historical morphological inventories, contemporary ecological surveys, molecular
detections, and records of preserved valves address different biological questions and
provide different levels of evidence. Without critically distinguishing these approaches,
comparisons of reported richness, geographical occurrence, and thermal associations may
lead to unsupported ecological or physiological interpretations. International geothermal
investigations and experimental studies provide valuable comparative evidence concerning
environmental influences and mechanisms of thermal responses, but their findings cannot
be directly generalized to Indian geothermal populations without independent validation.
Such a synthesis is needed to compare reported taxa and sampling conditions, evaluate
the strength and limitations of existing evidence, and distinguish established observations
from environmental and physiological hypotheses requiring further investigation. The
contribution of this review therefore lies in evaluating the reliability and interpretation of
existing Indian records rather than merely compiling published observations or attempting
quantitative comparisons that the underlying data cannot support. Such an assessment can
also provide a foundation for more standardized future investigations without assuming
that existing data are sufficient to establish quantitative ecological relationships.

Accordingly, the primary aim of this structured narrative review is to critically evaluate
the available evidence on diatoms associated with Indian geothermal springs and assess
the extent to which published records support ecological and physiological interpretations.
Historical and recent Indian investigations are examined alongside selected international
geothermal observations and experimental studies to distinguish documented geothermal
associations from unverified environmental relationships and proposed mechanisms of
thermal tolerance. By identifying the strengths, limitations, and unresolved questions
within the existing literature, this review seeks to establish evidence-based priorities for
future taxonomic investigations, standardized ecological sampling, experimental thermal-
performance studies, and the development of appropriately validated geothermal diatom
bioassessment approaches in India.

2. Methodology

This review employed a structured narrative approach to identify, evaluate, and syn-
thesize published evidence on diatoms associated with Indian geothermal environments.
Literature searches were conducted using Google Scholar, Scopus Al, and scite, with Web
of Science used as a supplementary source for identifying similar and related publications.
Searches were supplemented by publisher websites, locality-specific investigations, and
reference-list screening. The Google Scholar search was updated through 10 September
2026, followed by additional Scopus Al and scite searches through 14 October 2026. No
lower publication-year restriction was imposed, allowing historical investigations and
recent studies published through 2026 to be considered. Search terms included combina-

e i

tions of “diatoms,” “Bacillariophyta,” “Bacillariophyceae,” “thermal algae,” “algal flora,”

i i i

“hot springs,” “thermal springs,” “geothermal,” “thermophilic,” “thermotolerant,” and

“India,” using AND/OR operators where supported. Representative searches included “di-
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atoms hot springs India” and “Bacillariophyceae thermal springs India,” alongside searches
targeting individual geothermal localities. Scopus Al facilitated semantic literature discov-
ery, yielding 300 records across three exports, representing 275 unique publications after
duplicate removal. The retrieved records spanned 2003-2026, reflecting the publication
years of the search results rather than an imposed restriction. These records were screened
for relevance to Indian geothermal diatoms, international geothermal investigations, and
experimental studies of thermal responses. scite was additionally used for citation-network
screening and identification of historical and contemporary studies. English-language
sources with accessible full texts were considered, including original research articles,
historical taxonomic studies, doctoral theses, and preprints, with theses and preprints
explicitly identified.

Original Indian studies reporting identifiable diatoms, microscopic cells, molecular
detections, or preserved diatom material from geothermal springs and associated thermal
habitats were evaluated for inclusion. Studies with sufficient original-source information
to verify locality, reported records, and detection methods were compiled in Table 1 and
Supplementary Table S1. Records identified through the expanded literature searches were
cross-checked against the initial inventory to identify previously unconsidered investiga-
tions, avoid duplicate reporting, and assess their relevance to the regional synthesis. Newly
identified eligible studies were evaluated for incorporation into the corresponding discus-
sions of Indian geothermal environments, environmental factors, and diatom diversity, with
original taxonomic and sampling information documented in the evidence tables and Sup-
plementary Materials where available. Historically relevant publications lacking sufficient
information for structured extraction were discussed separately in the narrative synthesis.
Non-detections from otherwise eligible multi-site investigations were retained to document
sampling coverage. Studies addressing geothermal geology, hydrochemistry, or microbial
communities without direct diatom records were used for environmental context, whereas
international geothermal observations and experimental studies involving geothermal and
non-geothermal diatoms provided comparative ecological and physiological evidence. The
literature was therefore organized according to its evidential relevance rather than treated
as a single quantitatively comparable dataset.

Table 1. Evidence-classified inventory of diatom records from Indian geothermal springs and
associated thermal habitats, summarizing reported taxa, temperature context, detection methods,
and limitations of thermal interpretation.

Study/Locality Reported Diatoms Temperature (°C), Evidence and Qualification
[21] 39-49 (spring tanks); O/GA. Taxa recorded in historical
. ¢ 17 taxa floristic inventory; no culture-confirmed
Akloli, Maharashtra )
growth optimum.
[21], 8 taxa 42-58.5 (spring tanks); O/GA. Collection observations
Ganeshpuri, Maharashtra do not establish growth at system maximum.
[22], 58 taxa 36.5-45 (spring tanks); O/GA. Historical identifications;
Palli, Maharashtra taxa reported across multiple tanks.
35-41.5 (reported taxon observations); O/GA. Main
[23], 40 taxa tank 41.5 °C; subsidiary tanks 39-40 °C. Historical
Sav, Maharashtra morphological records; active growth and thermal
optima unverified.
[24], 2 taxa 41 (collection habitat); O/GA. Field occurrence;
Aravali, Maharashtra growth untested.
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Table 1. Cont.

Study/Locality Reported Diatoms Temperature (°C), Evidence and Qualification
[24], 7 taxa 51 and 60 (reported samples); O/GA. Material above
Tooral, Maharashtra 52 °C described as non-living.
[24], 41 taxa 3749 (several tanks); O/GA. Taxa pooled across
Rajewadi, Maharashtra sampled temperatures.
[25] 25-65 (spring pools); O/GA. Authors described
" 44 taxa diatoms above 52 °C as non-living; not proof of
Tuwa, Gujarat °
growth at 65 °C.
[26], 41-58 (sampled habitats); O/GA. Material above 52 °C
. . 11 taxa - L
Unai, Gujarat described as non-living.
[26], 11 taxa 2949 (diatom records); O/GA. Multiple tanks; wider
Lasundra, Gujarat system reached ~58 °C.
[26], 12 taxa 39 (receiving tank); ~60 (source); O/GA. Recorded taxa
Unapdeo, Maharashtra are from the cooler tank.
[27], ) e . .
Rajapur, Maharashtra 22 taxa NR (taxon-specific collection temperatures); GA/U.
[37], 55-60 (Taptkund spring); O/GA. Historical taxonomic
Badrinath (Taptkund), 62 taxa inventory; temperature represents spring conditions,
Uttarakhand not experimentally established growth optima.
[28], 2 taxa ~43-51 (spring observations); O/GA. Genus-level
Bakreswar, West Bengal records; multiple springs.
[38], 10 taxa ~34-64 (effluent gradient); O/GA. Pooled across
Tantloi, Jharkhand channel stations.
[38], 3 taxa ~35-44 (effluent gradient); O/GA. Different
Bakreswar, West Bengal investigation; possible regional overlap with [28].
[39],
Puga geothermal region, 11 taxa NR (taxon-specific collection temperatures); GA/U.
Ladakh
55 (Atri main tank); GA/U. Two diatom genera
[29], e e O
Atri (Autri), Odisha 2 genera reported; identification method unverified; active
! growth and thermophily not demonstrated.
[40], 2 taxa ~40 (spring); O/GA. Same genera reported as
Suraj Kund, Rajgir, Bihar Chandrama Kund.
[40], » taxa ~40 (spring); O/GA. Same genera reported
Chandrama Kund, Rajgir, Bihar as Suraj Kund.
[41], 1 taxa 25.4-56.8 (study-wide); O/GA. Total phytoplankton
Atri, Odisha richness is not diatom richness.
[42], o , .
Palvani, Unhavre, Maharashtra 33 taxa 48.4-51 (spring site); O/GA. Growth optima unverified.
[42] 67.4-71 (spring source); O/GA. 32 entries; cooler
Vakvali Unhavre, Maharashtra 32 taxa downstream algal habltats.reported; growth at 71 °C
unconfirmed.
[42], 36 tax 32.5-34.5 (spring site); O/GA. No experimental
Khed, Maharashtra axa thermal-performance evidence.
421, 31 taxa 41-42.5 (spring site); O/GA. Growth optima unverified.

Aravli, Maharashtra
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Table 1. Cont.

Study/Locality Reported Diatoms Temperature (°C), Evidence and Qualification
[43], . _ . .
Bakreswar bathing tank, 13 taxa 35-37 (bathing tank); O /GA. (;omblned 1-1st across two
tanks contains 16 distinct entries.
West Bengal
[43], >48 (reserve tank); O/GA. Observed occurrence, not
Bakreswar reserve tank, 9 taxa measured growth optimum
West Bengal & P .
[30], 3 taxa 36-58 (site gradient); O/GA. Three source-listed taxa;
Tarabela, Odisha range not assigned to each taxon.
[30], 9 taxa 3542 (site gradient); O/GA. Nine source-listed taxa;
Taptapani, Odisha growth optima untested.
[30], No diatoms reported in ~ 38-58 (site gradient); ND. No diatom-positive entries in
Atri, Odisha this survey this survey; not absent at Atri.
[30], 2 taxa 36-60 (site gradient); O/GA. Two taxa also reported at
Deulajhari, Odisha Tarabela; no evidence of 60 °C growth.
[31], . . e
Surajkund and Palasi, 7 taxa 45-50 (outer Chanr}els), O/GA. quled two-spring
Jharkhand record; growth unverified.
[44], 19 taxa 35-43 (bathing tanks); 48-50 (source); O/GA. Pooled
Dirang, Arunachal Pradesh inventory; no taxon-specific growth optima.
Included in the pooled

[44],
Kitpi, Arunachal Pradesh

19-taxon Dirang—Kitpi
inventory; site-specific

45-48 (bathing tank); ~50 (adjacent water); O/GA.
Site-specific richness not separately asserted.

richness NR.
[32], 10 taxa 39-43 (reported habitats); O/GA. Ten taxa; two shared
Kalath, Himachal Pradesh with Khirganga.
[32], 10 taxa 39—48 (reported habitats); O/GA. Ten taxa; 18 distinct
Khirganga, Himachal Pradesh taxa across both springs.
52 (mat); 68-73 (separate vent); C + M/GA. Microscopic
[45], :
- 3 taxa cells; metagenomic genera Odontella, Phaeodactylum,
Shivlinga, Puga, Ladakh o7 . .
Thalassiosira; active vent growth unconfirmed.
[33], 3 taxa NR (diatom collection points); GA/U.
Badrinath, Uttarakhand Growth unconfirmed.
[34], 31 taxa 30-52 (five subsites); O/GA. Thirty-one taxa pooled;
Tapovan, Uttarakhand not all occurred at 52 °C.
30-80 (spring/system range); O/GA. Reported taxa
[35], 26 taxa include Gogorevia exilis and Denticula thermaloides; no
Chumathang, Ladakh taxon-specific evidence of growth at 80 °C
or thermal optimum.
[35], 10 taxa NR (collection-point temperature); O/GA. Puga subset
Puga, Ladakh distinct from Chumathang.
[46],
Grengkhar (Kitpi area), 4 taxa 39.2 (spring sample); O/GA. Growth optima unverified
Arunachal Pradesh
[47], ) . o
Tarabalo, Odisha 1 taxa 37 (outer channel); O/GA. Growth optimum unverified.
[47] 40 (outer channel); O/GA. Four taxa reported at 40 °C;
Deulajhari, Odisha 4 taxa the broader discussion mentions 55-60 °C, but growth

at those higher temperatures remains unverified.
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Table 1. Cont.
Study/Locality Reported Diatoms Temperature (°C), Evidence and Qualification
[48] 45-47 (inner/outer ponds); O/GA. Six taxa recorded in
Anhoni, Madhya Pradesh 6 taxa both habitats; ac1d—d1gest§q valves; active
growth unverified.
[48] 49-50 (main stream/outlet); O/GA. Seven taxa pooled

Chawalpani, Madhya Pradesh

7 taxa across two habitats (five each); acid-digested valves;
growth unverified.

[36], 4 taxa NR (diatom-bearing sinter); P/U; PT. Four preserved
Puga sinter, Ladakh taxa; possible transport; growth unconfirmed.
[49], Unidentified diatom NR (travertine deposit); P/U. Unidentified SEM
Puga travertine, Ladakh frustules; NR frustules; no living-growth evidence.

Notes: O = morphology-based observation; C = microscopic cell observation; M = molecular detection;
P = preserved diatom material; ND = no diatoms reported in the specified survey; GA = geothermal-
associated; U = uncertain thermal status; PT = potentially transported; NR = not reported. Reported
counts may include species, varieties, and forms and should not be interpreted as standardized
richness estimates. Temperature ranges may represent entire spring systems or multiple sampling
habitats rather than taxon-specific collection temperatures. Original taxonomic identifications and
additional record details are provided in Supplementary Table S1.

Records were evaluated for locality, habitat, taxonomic identification, detection
method, temperature context, and strength of thermal association. Collection-point tem-
peratures were distinguished from geothermal-system maxima, and locality-specific taxon
counts from pooled inventories and total algal richness. Potentially overlapping records
were identified to avoid duplication, while missing information was not interpreted as eco-
logical absence. Morphological observations, microscopic cell detections, molecular assign-
ments, and preserved valves were distinguished according to their evidential limitations.
Thermophily required an experimentally demonstrated elevated growth optimum, whereas
thermotolerance required evidence of active growth at elevated temperatures relative to ref-
erence conditions. Records without such evidence were classified as geothermal-associated
or uncertain, with potential transport assessed separately. Experimental evidence from inter-
national studies was assessed separately from Indian field observations to avoid attributing
physiological mechanisms or temperature tolerances to Indian geothermal taxa without
direct supporting evidence. Because differences in sampling design, taxonomic resolu-
tion, and environmental measurements prevented reliable quantitative pooling, the review
provides a critical narrative synthesis rather than a systematic review or meta-analysis.

3. Indian Geothermal Systems Relevant to Diatoms
3.1. Geographic Distribution

Geothermal springs in India occur across diverse geological and tectonic settings,
resulting in substantial variation in their thermal and geochemical characteristics [50,51].
A major concentration of geothermal systems occurs within the Himalayan Geothermal
Belt (HGB), which extends approximately 2500 km from Nanga Parbat in the northwest to
Namche Barwa in the east and is associated with the tectonically active India—Eurasia colli-
sion zone [52]. Himalayan geothermal springs commonly occur where deep groundwater
circulates along faults and fractures. In contrast, geothermal systems in the Deccan region
are strongly influenced by water-rock interactions within basaltic formations [51]. The
Puga geothermal field in Ladakh has received considerable microbiological and geochemi-
cal attention [53]. The Puga geothermal system is characterized by elevated concentrations
of dissolved constituents, including boron, sulfate, and sodium. At the Shivlinga micro-
bialite locality, Ref. [45] reported vent-water temperatures of 68-73 °C. The ~85 °C value
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discussed in that study reflects the local boiling point at high altitude, not a measured
vent-water temperature. Studies of the Puga system, including the Shivlinga microbialites
and associated sinter deposits, provide important environmental context for understanding
geothermal-associated microbial communities [36,45]. Other geothermal systems, including
Tattapani in Chhattisgarh, Anhoni-Samoni in Madhya Pradesh, Bakreswar and Kharasin-
pur in West Bengal, and hot springs in Odisha, have been investigated primarily through
microbiological, metagenomic, or physicochemical approaches [28,30,51,54-56]. Although
many of these studies were not specifically designed to investigate diatoms, their environ-
mental datasets provide an important basis for identifying geothermal systems suitable for
future targeted studies of diatom diversity and ecology. Figure 1 illustrates the selected
geothermal localities, with mapped coordinates and source classifications provided in
Supplementary Table S2.
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Figure 1. Geographic distribution of selected geothermal hot-spring localities in India. Six marker col-
ors distinguish broad geographic regions for visual clarity. Localities were compiled from published
geothermal inventories [10,57], locality-specific investigations, and available geographic mapping
sources. The map illustrates selected hot springs, including locations without confirmed diatom
records, and does not represent a complete inventory. Mapped coordinates and their source classifi-
cations are provided in Supplementary Table S2. Country boundaries were obtained from Natural
Earth geographic data (WGS84).

3.2. Physicochemical Conditions and Potential Drivers of Diatom Occurrence

Diatom occurrence and distribution in geothermal systems are linked to interact-
ing physicochemical gradients, particularly temperature, pH, hydrochemistry, and dis-
solved silica [58]. Temperature is a key physiological constraint because elevated tem-
peratures can affect cellular metabolism, photosynthesis, and growth. International
geothermal studies have generally documented diatoms in moderately thermal habitats,
spring margins, and outflow channels rather than the hottest portions of geothermal sys-
tems [16,17,59]. However, these distributions may also reflect differences in substrate
availability, water chemistry, hydrological conditions, and sampling intensity. Therefore,
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geothermal temperature alone cannot adequately explain differences in diatom occurrence
or assemblage composition.

Historical and recent Indian investigations provide useful comparisons, although
their findings differ in sampling design and environmental characterization. Refs. [21-27]
reported non-living diatom material above approximately 52 °C at Tooral and Unai,
demonstrating that occurrence in heated water does not necessarily indicate active growth.
Ref. [28] reported Navicula and Cyclotella from the Bakreswar geothermal system, where
temperatures of approximately 43-51 °C were described. Ref. [43] recorded 13 diatom
entries in a Bakreswar bathing tank at 35-37 °C, compared with nine entries in a warmer
reserve tank above 48 °C. Although this difference is consistent with temperature poten-
tially influencing diatom occurrence, the two tanks may also differ in water residence
time, substrate characteristics, disturbance, and other environmental conditions. Con-
sequently, the observed difference in richness cannot be attributed to temperature alone.
Similarly, Ref. [48] documented six diatom taxa at Anhoni (45-47 °C) and seven distinct taxa
across two sampling habitats at Chawalpani (49-50 °C). However, differences in sampling
habitats and hydrochemical conditions prevent these richness values from establishing a
temperature-dependent relationship. Furthermore, identification of acid-digested diatom
valves does not independently demonstrate active growth or thermal tolerance.

Comparable limitations are evident in investigations from other Indian geothermal
regions. Ref. [29] reported Navicula sp. and Cyclotella sp. from the Atri main tank at 55 °C,
although these observations do not establish active growth at this temperature. Ref. [30]
reported locality-specific diatom records from Odisha thermal springs and associated habi-
tats; however, the reported temperature ranges were not consistently linked to individual
taxon observations, limiting comparisons of thermal associations among sites. Ref. [31]
reported diatoms associated with cooler outer channels (45-50 °C) of two Jharkhand ther-
mal springs, although individual taxa were not assigned to specific collection temperatures
or localities. Ref. [32] reported diatoms from Kalath and Khirganga in Himachal Pradesh,
while ref. [33] documented diatom occurrence at Badrinath but not Yamunotri during their
survey. The authors also identified temperature, pH, and phosphate as influential variables
in analyses of the combined cyanobacterial and microalgal communities, although these
relationships cannot be interpreted as diatom-specific responses. Ref. [34] subsequently doc-
umented diatom assemblages along the Tapovan thermal gradient. However, differences
in sampling coverage and the reporting of site-specific environmental conditions make
comparisons among these investigations difficult. The Puga geothermal system presents
an additional challenge. Ref. [45] documented diatom-associated observations in micro-
bial habitats. In contrast, Ref. [36] reported preserved diatom valves in geothermal sinter
deposits that may have originated from adjacent cooler-water habitats. These contrasting
forms of evidence highlight the importance of distinguishing living assemblages, molecular
detections, and transported or preserved valves when evaluating thermal associations.
Together, the Indian studies establish diatom occurrence across diverse geothermal habitats,
but do not yet provide sufficient standardized data to identify temperature-dependent
community responses.

In addition to temperature, pH and hydrochemistry may influence geothermal diatom
assemblages [18,60,61]. Indian geothermal springs differ in their water chemistry because
of variations in geological setting, groundwater circulation, water-rock interactions, and
mixing between geothermal and surface waters. For example, Bakreswar springs have
reported pH values of approximately 7.4-9.2 [28], whereas Puga geothermal waters contain
distinctive dissolved constituents, including boron, sulfate, and sodium [45]. These dif-
ferences suggest that diatoms inhabiting geographically distinct geothermal systems may
experience substantially different chemical conditions even where temperatures overlap.

https:/ /doi.org/10.3390/hydrobiology5040039


https://doi.org/10.3390/hydrobiology5040039

Hydrobiology 2026, 5, 39

10 of 24

Because diatom taxa vary in their environmental preferences, pH may interact with ionic
composition, conductivity, nutrient availability, and temperature to influence habitat suit-
ability and community composition [62]. However, existing Indian investigations rarely
combine taxon-specific assemblage data with sufficiently detailed, spatially matched hydro-
chemical measurements. Thus, the relative importance of these variables remains uncertain,
and the observed differences among geothermal localities should not be interpreted as
direct evidence of particular species—environment relationships.

Dissolved silica is another potentially important factor because silicic acid (H45iO4) is
required to form diatom siliceous frustules [63]. Geothermal fluids may acquire dissolved
silica through high-temperature water-rock interactions before mixing with cooler waters
near the surface [64]. Silica availability can influence diatom growth and silicification [65],
but elevated silica concentrations do not necessarily imply greater diatom abundance or
diversity. Its ecological effects depend on nutrient supply, temperature, pH, and other
chemical conditions. Moreover, the preservation of diatom valves in silica-rich geothermal
deposits may complicate the interpretation of contemporary assemblages, particularly
where transported material cannot be excluded [36]. Therefore, dissolved silica should be
examined both as a potential resource for living diatoms and as a factor influencing the
preservation of their remains.

Overall, the available Indian literature shows diatom occurrence under varied thermal
and hydrochemical conditions but does not establish the independent effects of individual
environmental variables on assemblage composition. Differences in reported richness
may reflect ecological variation, but they may also arise from unequal sampling effort,
taxonomic resolution, habitat selection, and the use of system-wide rather than collection-
point temperatures. Future investigations should therefore adopt standardized sampling
across spring sources, margins, outflows, and mixing zones, with biological observations
paired directly with measurements of temperature, pH, conductivity, dissolved silica,
nutrients, and major ions. Replicated sampling across seasons, together with taxon-specific
abundance data and appropriate multivariate analyses, would help separate the effects of
interacting environmental gradients and provide a stronger basis for evaluating the factors
structuring Indian geothermal diatom assemblages.

4. Diatoms in Geothermal Environments: Evidence from India and
Global Comparisons

Published investigations of Indian geothermal diatoms reveal marked regional dif-
ferences in taxonomic coverage, sampling approaches, environmental characterization,
and evidence of thermal association (Table 1; Supplementary Table S1). Historical surveys
by [21-27] provide particularly extensive morphological records from western Indian ther-
mal springs, including 17 taxa from Akloli, eight from Ganeshpuri, 58 from Palli, 40 from
Sav, 41 from Rajewadi, and 44 from Tuwa. Part VII of the same series documented 22 di-
atom taxa from Rajapur [27]. Despite this substantial historical coverage, reported richness
cannot be directly compared among localities because sampling effort, habitat conditions,
and taxonomic concepts differed. For example, Palli yielded 58 taxa across spring tanks at
36.5-45 °C, whereas Tuwa yielded 44 taxa across pools ranging from 25 to 65 °C. This con-
trast does not establish an inverse temperature-richness relationship, particularly because
both inventories combine observations from multiple habitats. Moreover, Refs. [24-27]
described diatoms encountered above approximately 52 °C as non-living at Tooral, Tuwa,
and Unai. At Unapdeo, diatoms were recorded from a receiving tank near 39 °C rather
than the approximately 60 °C spring source. These findings demonstrate the importance of
distinguishing habitat-specific occurrence from whole-system temperatures and indicate
that historical records cannot establish upper growth limits or thermophily. Subsequent
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monthly surveys of four Ratnagiri geothermal springs documented 109 diatom taxonomic
entries across the investigated localities, but differences in sampling habitats, spring tem-
peratures, and reporting practices prevent these records from establishing species-specific
thermal optima or a temperature-richness relationship [42].

Eastern Indian investigations provide contrasting evidence, emphasizing geothermal
gradients and ecological associations but generally offering less taxonomic resolution.
Ref. [28] reported Navicula and Cyclotella from Bakreswar, while ref. [38] documented 10
diatom genera from Tantloi and three from Bakreswar. Notably, Ref. [38] described diatoms
as prominent components of microbial mats near 60 °C, contrasting with the non-living
diatom material reported above approximately 52 °C in western India. These contrasting
observations caution against applying a single upper-temperature threshold to geothermal
diatom records. However, differences in sampling habitats, viability assessment, and identi-
fication methods prevent conclusions about sustained growth at 60 °C. Early investigations
at Swetganga combined plankton observations with measurements of silicate, phosphate,
and other hydrochemical variables [66], while ref. [67] also documented relationships
between diatom populations and dissolved silica and phosphorus in West Bengal thermal
springs, providing early evidence of potential hydrochemical influences rather than experi-
mentally established controls. Similarly, Ref. [40] reported Navicula and Cyclotella from the
Rajgir springs, but genus-level identification limits ecological interpretation. More detailed
records from Bakreswar by [43] identified 13 diatom entries in a bathing tank at 35-37 °C
and nine in a reserve tank above 48 °C, representing 16 distinct entries across both habitats.
Although comparing two tanks within the same geothermal system reduces variation in
regional setting, differences in substrate conditions, water residence time, and disturbance
prevent temperature from being isolated as the principal factor. Thus, the observed richness
contrast suggests possible environmental filtering but cannot establish temperature as the
independent driver.

Studies from Odisha and the Himalayas further demonstrate that apparent geograph-
ical differences in diatom richness may reflect sampling and reporting practices rather
than consistent ecological patterns. At Atri, Ref. [29] reported Navicula sp. and Cyclotella
sp. from the main tank at 55 °C, and ref. [41] subsequently documented Navicula mem-
branacea. Ref. [30] nevertheless identified 12 distinct diatom taxa across the investigated
Odisha thermal-spring systems, including records from Tarabela, Taptapani, and Deula-
jhari. These contrasting Atri observations highlight the importance of sampling conditions
and detection methods, because non-detection in one investigation does not establish
ecological absence. A subsequent Odisha investigation reported five diatom taxa from
Tarabalo and Deulajhari outflows at 37-40 °C; although four Deulajhari taxa were also
described as occurring at 55-60 °C, their taxon-specific habitat descriptions indicate col-
lection at 40 °C, highlighting inconsistencies between reported collection temperatures
and broader thermal interpretations [47]. Historical investigations reported 62 diatom taxa
from Badrinath, primarily from Taptkund, where spring temperatures ranged from 55 to
60 °C [37], and 11 taxa from the Ladakh geothermal region [39]. More recent Himalayan
investigations differ in their reporting units: Ref. [32] recorded 10 taxa each from Kalath
and Khirganga, with 18 distinct taxa overall; Ref. [34] reported 31 taxa pooled across five
Tapovan sampling sites; and ref. [44] documented 19 taxa across Dirang and Kitpi. Con-
sequently, differences in reported richness among these Himalayan sites, including the
genus-level records from Grengkhar hot spring in the Kitpi area [46], cannot be reliably
attributed to geography or temperature without standardized sampling and taxon-specific
environmental measurements.

Ladakh studies illustrate another distinction: biological detection does not necessar-
ily indicate viable geothermal populations. Ref. [45] observed diatom cells in Shivlinga
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microbial mats and reported metagenomic assignments to Odontella, Phaeodactylum, and
Thalassiosira. However, the microbial-mat temperature of approximately 52 °C differs from
the 68-73 °C measured at a separate vent, and neither microscopy nor sequence detection
independently confirms sustained growth. Ref. [35]] provided morphology-based records
from Chumathang and Puga, including Gogorevia exilis and Denticula thermaloides, but the
reported geothermal temperature ranges cannot be assigned as species-specific tolerance
limits. In contrast, Ref. [36] identified four preserved diatom taxa in Puga sinter, potentially
transported from cooler habitats, while ref. [49] documented unidentified frustules in
travertine. These studies therefore represent distinct forms of evidence—field occurrence,
molecular detection, and mineral-associated preservation—that should not be interpreted
as equivalent demonstrations of active geothermal growth.

Across regions, western Indian studies provide comparatively extensive historical tax-
onomic inventories, eastern investigations document thermal and hydrochemical gradients,
and recent Himalayan studies broaden geographical coverage while adding molecular and
depositional evidence. However, these differences largely reflect the nature and resolution
of the available investigations rather than demonstrated regional ecological patterns. The
principal limitation is not the absence of diatom records, but the lack of standardized
biological data paired with collection-point environmental measurements and direct evi-
dence of growth. The compiled evidence therefore provides a source-verified baseline of
geothermal-associated diatoms rather than a quantitative assessment of regional richness
or species—environment relationships. Establishing the independent roles of temperature,
hydrochemistry, and habitat conditions will require replicated, spatially matched sampling
and experimental thermal-performance studies. International geothermal investigations
offer useful comparative approaches, but their findings cannot substitute for direct evidence
from Indian geothermal diatom populations.

Because direct evidence from India remains limited, investigations of geothermal
diatoms elsewhere provide important comparative context. These studies can be evaluated
according to three levels of evidence: (i) field occurrence, based on diatom identification
in geothermal habitats; (ii) in situ growth, supported by direct evidence of growth at
measured habitat temperatures; and (iii) experimentally determined thermal optima, es-
tablished through controlled growth experiments. Ref. [16] documented diverse diatom
assemblages across geothermal systems in Iceland, New Zealand, and Kenya, with diatoms
particularly prevalent below 45 °C despite broader thermal gradients. Comparative in-
vestigations of thermo-mineral springs in Galicia, Sardinia, and Auvergne demonstrated
that diatom assemblage composition is associated with substrate characteristics and in-
teracting environmental variables, including temperature, pH, conductivity, bicarbonate,
and hydrogen sulfide, emphasizing the need to evaluate multiple environmental gradients
rather than temperature alone [68-70]. However, Ref. [18] reported relatively high diatom
richness and diversity in Sardinian springs classified as hyperthermal (52.7-71.5 °C), with
assemblage composition also associated with conductivity, pH, bicarbonate, and sulfate.
These findings caution against interpreting temperature as an independent or universally
limiting factor, particularly where spring-level measurements cannot be assigned directly
to individual taxa or microhabitats. Earlier investigations from the Kuril and Sakhalin
Islands [71], South Africa [72], and northern Thailand [73] similarly demonstrate geother-
mal diatom occurrence and environmental associations, while [74] documented seasonal
assemblage changes without experimentally establishing thermal growth optima.

Recent investigations further highlight the contributions and limitations of taxonomic
and ecological approaches. Re-examination of historical thermal-spring material from Sval-
bard led to the description of Nanofrustulum fogedii, demonstrating the value of revisiting
earlier geothermal records using modern taxonomic criteria [75]. At Haglan hot springs in
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Iraq, Ref. [76] documented 11 Gomphonema species, including two new species, associated
with submerged macrophytes in highly mineralized water. Although G. brockiae was de-
scribed as thermophilic, the mean sampling temperature was approximately 31 °C, and
no experimentally determined thermal optimum was established. Furthermore, sampling
focused on a single substrate type, limiting broader ecological interpretation. These studies
strengthen taxonomic documentation but do not independently establish physiological
adaptation to elevated temperatures.

Recent Serbian investigations provide complementary evidence concerning habitat
and hydrochemical influences. Ref. [60] identified differences in diatom composition among
thermomineral springs and biofilm habitats, with ammonia, total nitrogen, and organic car-
bon showing significant associations with community structure. However, sampled water
temperatures ranged from 8.5 to 25.1 °C, making these findings more informative about
mineral-water ecology and habitat heterogeneity than high-temperature tolerance. Subse-
quently, Ref. [77] described Navicula teodorae from moderately warm, alkaline, mineral-rich
Serbian springs, where it occurred prominently in epilithic and epipelic assemblages. Al-
though these observations suggest an association with particular environmental conditions,
they do not establish experimentally verified thermal preferences.

Collectively, international studies demonstrate that geothermal-associated diatom
diversity reflects interacting influences of temperature, hydrochemistry, substrate avail-
ability, and habitat heterogeneity. However, morphological identification, environmental
associations, and repeated field occurrence provide different levels of evidence and should
not be interpreted as equivalent demonstrations of thermophily. For Indian geothermal
systems, standardized sampling with collection-point environmental measurements, inte-
grative taxonomy, and controlled thermal-performance experiments remain necessary to
distinguish geothermal association, thermotolerance, thermophily, and possible transport
from cooler habitats.

5. Experimental and Molecular Evidence of Thermal Responses in Diatoms

Experimental investigations have identified several physiological and molecular re-
sponses that may help diatoms cope with elevated temperatures, including heat-shock
protein regulation, changes in membrane-lipid metabolism, photosynthetic adjustment,
redox homeostasis, and altered cellular growth [78,79]. However, these findings must be
interpreted in relation to the experimental endpoints measured. Molecular responses to
heat exposure indicate cellular stress or acclimation but do not necessarily demonstrate
sustained thermal tolerance, improved growth, or evolutionary adaptation. Moreover,
most available experiments involve non-geothermal marine or freshwater species, limiting
their direct applicability to Indian geothermal diatom populations. However, cultivation
experiments with the geothermal diatom Achnanthidium exiguum demonstrated that alka-
line pH improved thermal tolerance, with favorable growth at 40 °C and pH 9, indicating
that temperature responses may depend on interacting environmental conditions [80].

Heat-shock proteins are among the most widely investigated components of ther-
mal stress responses. Ref. [81] compared protein expression in Phaeodactylum tricornutum
and Chaetoceros muelleri following short-term heat exposure and reported differences in
stress-protein induction, including HSP70 and putative small heat-shock proteins. The
authors proposed that the apparently greater constitutive abundance of stress proteins
in C. muelleri may contribute to its higher thermal tolerance. However, the species were
examined under different heat-exposure conditions, and the study did not directly establish
whether individual proteins were responsible for improved survival or sustained growth.
Thus, these findings identify candidate protective mechanisms but do not demonstrate the
functional necessity of particular heat-shock proteins or their role in geothermal adapta-

https:/ /doi.org/10.3390/hydrobiology5040039


https://doi.org/10.3390/hydrobiology5040039

Hydrobiology 2026, 5, 39

14 of 24

tion. Ref. [82] provided stronger mechanistic evidence, showing that overexpression of the
heat-shock transcription factor PtHSF2 and its regulatory target, PtCdc45-like, improved
high-temperature tolerance in P. tricornutum. Nevertheless, these genetic modifications also
increased cell size and reduced growth rates under certain conditions, suggesting poten-
tial trade-offs between stress protection and cellular proliferation. Furthermore, PtHSF2
knockdown lines retained thermal tolerance comparable to wild-type cells, suggesting that
residual gene expression or compensatory pathways may contribute to the response. These
findings provide functional evidence for specific heat-responsive regulatory pathways but
do not establish that equivalent mechanisms operate in natural geothermal populations.

Membrane-lipid metabolism may also contribute to thermal acclimation. Ref. [83]
characterized fatty-acid desaturases in P. tricornutum, providing a molecular framework for
understanding membrane-lipid composition and unsaturation. However, their genomic
inventory did not directly test temperature-dependent growth, desaturase regulation un-
der heat exposure, or experimentally enhanced thermal tolerance. Ref. [79] subsequently
examined physiological and transcriptomic responses of P. tricornutum to warming from
20 to 25 °C under short-term exposure of approximately seven days and prolonged expo-
sure of approximately 175 days. Short-term warming did not significantly affect growth
but reduced photosynthetic efficiency. In contrast, prolonged exposure decreased both
growth rates and photosynthetic efficiency and altered fatty-acid and nitrogen-metabolism
pathways. These observations indicate substantial metabolic adjustment under persistent
warming but do not demonstrate improved thermal performance following prolonged
exposure. Consequently, altered gene expression should be interpreted as evidence of
physiological reorganization rather than direct confirmation of beneficial adaptation. To-
gether, these investigations suggest that membrane regulation and metabolic plasticity
may contribute to thermal responses while highlighting the need to distinguish molecular
changes from functional improvements in growth and survival.

Controlled experiments involving Indian diatom isolates provide particularly relevant
comparative evidence, although these organisms were obtained from non-geothermal
marine environments. Ref. [84] evaluated Chaetoceros wighami and Amphora coffeaeformis
isolated from coastal waters associated with a thermal power station in India. Across
experimental temperatures of 28-40 °C, C. wighami showed progressively reduced growth
as temperature increased, whereas A. coffeaeformis maintained relatively stable growth
between 28 and 33 °C before declining at higher temperatures. Acute exposure to 42 °C
produced contrasting responses, with A. coffeaeformis showing greater resistance to short-
term thermal shock. Previous acclimation influenced subsequent growth in C. wighami,
but sustained performance at 42 °C remained limited. These findings demonstrate species-
specific thermal sensitivity and the importance of exposure duration and thermal history.
However, brief survival or recovery after heat shock does not equate to sustained growth
at elevated temperatures, and marine experimental conditions differ substantially from
those of geothermal springs. Similarly, Ref. [85] investigated the Indian marine diatom
Navicula distans at 30 and 34 °C under different pCO; conditions. Elevated temperature
generally reduced diatom abundance and growth, whereas increased pCO; alone could
favor growth; their combined effects were more complex and frequently negative. Because
the experiments included associated microorganisms and interacting environmental treat-
ments, we cannot attribute the responses exclusively to temperature or interpret them as
intrinsic thermal limits of the diatom. Together, these Indian studies demonstrate that
thermal responses depend on species identity, exposure conditions, and interactions with
other environmental factors, but they provide no direct evidence of adaptation in Indian
geothermal diatom populations.
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Experimental freshwater studies further demonstrate that community interactions
can modify temperature-dependent performance. Ref. [86] examined five freshwater
diatom species under controlled temperature treatments and compared responses in single-
species and mixed-species cultures. Species differed markedly in their thermal responses:
Asterionella formosa failed to grow at 30 °C, whereas Aulacoseira ambigua initially grew at
35 °C but subsequently exhibited declining cell density and photosynthetic efficiency. This
distinction demonstrates that initial growth at elevated temperatures does not necessarily
indicate sustained thermal tolerance. Moreover, temperature produced different outcomes
in mixed cultures than in single-species cultures, indicating that interspecific interactions
can modify apparent thermal responses. Consequently, thermal-performance relationships
derived from isolated cultures may not fully predict natural community composition.
However, the freshwater species and experimental conditions studied do not directly reflect
the hydrochemical complexity or persistent thermal regimes of geothermal habitats.

Longer-term studies provide evidence of changes in thermal performance over multi-
ple generations, although they address different questions from short-term physiological
experiments. Ref. [87] conducted approximately 300 generations of experimental evolution
in Thalassiosira pseudonana under moderate warming, severe warming, and fluctuating tem-
peratures. Adaptation was comparatively rapid under moderate and fluctuating conditions,
whereas recovery of growth under severe warming was considerably slower. Changes in
thermal performance were accompanied by genomic divergence and variation in metabolic
and redox-related traits, providing evidence that thermal tolerance can evolve under sus-
tained laboratory selection. However, the rate and extent of adaptation depended strongly
on the temperature regime, and responses of a laboratory population cannot be general-
ized to geothermal assemblages without further investigation. Complementary evidence
from natural populations came from [88], who compared historical and contemporary
Skeletonema marinoi strains and reported an approximately 1 °C increase in optimal growth
temperature over six decades, accompanied by reduced performance at lower temperatures.
Notably, this shift in thermal optimum was not accompanied by an increase in the upper
thermal limit, indicating that improved performance under warming does not necessarily
confer greater tolerance of extreme temperatures. Although these results are consistent
with historical thermal adaptation, they do not establish equivalent evolutionary processes
or temperature limits in Indian geothermal populations.

Collectively, the experimental literature shows that diatom thermal responses vary
by species, exposure duration, environmental conditions, and biological level of orga-
nization (Table 2). Short-term molecular responses identify potential stress-protection
pathways, controlled growth experiments establish temperature-dependent physiological
performance, genetic manipulations provide evidence of specific regulatory functions, and
multigeneration investigations evaluate adaptive potential. However, these approaches
provide different levels of evidence and are not interchangeable. Although controlled
experiments demonstrate thermal tolerance in a geothermal diatom isolate from outside
India, experimentally verified thermophily remains unestablished for Indian geothermal
diatom populations. Future investigations should therefore prioritize isolating and cultivat-
ing diatoms from Indian geothermal springs, followed by replicated thermal-performance
experiments spanning collection-site temperatures and relevant environmental gradients.
Measurements of growth, survival, photosynthetic efficiency, and recovery should be com-
bined with controlled variation. Where feasible, comparisons with related non-geothermal
populations and targeted molecular analyses could help distinguish short-term acclima-
tion, sustained thermotolerance, and potential evolutionary adaptation. Such integrated
approaches would provide a stronger experimental foundation for interpreting geother-
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mal diatom occurrence and identifying the mechanisms underlying thermal responses in
Indian populations.

Table 2. Selected experimental studies of thermal responses in geothermal and non-geothermal

diatoms, comparing exposure conditions, physiological and molecular endpoints, and evidence for
thermal tolerance or adaptation. Short-term stress responses are distinguished from sustained growth,
functional tolerance, and evolutionary changes in thermal performance.

. Exposure . Evidence Type and
Experlmenta'l Focus/ Diatom/Strain Temperature and Measured Endpoint and Potential Geothermal Reference
Mechanism . Reported Response
Duration Relevance
. P. tricornutum: 40 °C; Proteln—eXPre551on patterns Acute heat-shock
. P. tricornutum im0, and HSP70 immunodetection; N .
HSP70 and putative (UTEX 646); C. muelleri: 45 °C; 1-3 C. muelleri showed greater comparison; candidate
small heat-shock Chae toceros, h protein- héat tolerance and higher stress-protein mechanisms, [81]
proteins . labelling / Western- o e not evidence of geothermal
muelleri apparent constitutive :
blot assays. . adaptation.
stress-protein abundance.
Growth rates declined with
Growth treatments at  increasing temperature in C. .
. ) Controlled experimental
. . 28,33, 35, 38, and wighami, whereas A. . .
Species-specific o . . evidence from Indian
Chaetoceros 40 °C; acute exposure coffeaeformis maintained .
growth response, . . o . non-geothermal marine
wighami and to 42 °C for relatively stable growth at .
acute thermal shock, Amphora 15-45 min: 28-33 °C. Responses to acute diatoms demonstrates [84]
and thermal P . . . 4 : p X species-specific thermal
L coffeaeformis acclimation at 28 or heat shock and prior i
acclimation. o . . . sensitivity but not
38 °C for four acclimation differed between .
. S s geothermal thermophily.
generations. species; neither maintained
sustained growth at 42 °C.
30 and 34 °C under Cell abundance, growth rate, . .
. . Controlled Indian marine
. approximately 500 and cell size; elevated . .
Interacting effects of nd 1500 watm oCOy: temperature generall experiment demonstrating
elevated temperature a o matm p2 emperatire genera y interacting thermal and
. . . pre-acclimation for at  reduced diatom growth and . . .
and pCO, on growth,  Navicula distans; least seven davs abundance, with outcomes chemical effects; not direct [85]
abundance, and cell s, . ’ evidence from
morpholo followed by batch also influenced by pCO,, cothermal-sprin
P &Y: and semi-continuous nutrient availability, and & opula tior}:s &
culture experiments. culture conditions. pop '
Achnanthidium Cell growth and fatty-acid Controlled cultivation of a
pH-dependent exiguum AARL 30, 40, and 50 °C: methyl ester composition; non-Indian geothermal
thermal tolerance D025-2 I:I 7L10. 14-da ’ alkaline pH improved isolate; evidence of [80]
and biomass (geothermal p cultiv’ation y thermal tolerance, with pH-dependent thermal
production isoli te, Thailand) ’ favorable biomass and FAME  tolerance, not thermophily
! production at 40 °C and pH 9. in Indian populations.
. » Five freshwater 10-55 °C constant- Growth, Fv/Fm, abundance
Species-specific species, including temperature and population dynamics; Controlled freshwater
thermal responses 7 experiments; . ! culture experiments; direct
. s Asterionella formosa X contrasting responses among [86]
and interspecific . fluctuating seasonal . . growth responses, but not
. - and Aulacoseira . species and between single- .
interactions . warming treatment . . geothermal populations.
ambigua (+4°C) and mixed-species cultures.
Growth rate,
. - o nz o,  thermal-performance curves, Long-term experimental
Genomic vanation Thalassiosira 2 OC control; 26 . c photosynthesis, respiration, evolution; evidence of
and metabolic 32 °C; or alternating I . -
athways linked to pseudonana 22/32°C; elemental composition and adaptive capacity in a [87]
P adaptation (CCMP 1335) ~300 enerati/o ns genome resequencing; marine model, not
P & ’ evolved lineages showed geothermal populations.
shifts in thermal tolerance.
Growth, Fv/Fm, pigment and
o o cellular composition,

Fatty-acid- P. tricornutum Ziorir‘(,j?ilésjg SC transcriptomics; long Short-term warming versus
metabolism genes (monoclonal (~7 ene; a tions})] or exposure reduced growth and prolonged selection; [79]
and temperature- laboratory ~1§5 days (~165 Fv/Fm and changed exposure duration strongly

responsive pathways population) y fatty-acid and affects interpretation.

generations).

nitrogen-metabolism gene
expression.
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Table 2. Cont.
. Exposure . Evidence Type and
Expenmenta.l Focus/ Diatom/Strain Temperature and Measured Endpoint and Potential Geothermal Reference
Mechanism . Reported Response
Duration Relevance
Cell density, cell size,
15, 20, 25 and 30 °C survival, ROS, transcript Experimental
PtHSF2 /PtCdc45- . for 7-day assays; abundance and regulatory molecular/functional
. o P. tricornutum . o . . AT .
like transcriptional (CCMP 2561) survival additionally targets; engineered lines validation in a marine [82]
regulatory pathway evaluated after 13 showed improved model, not in Indian
days at 30 °C. high-temperature geothermal diatoms.

performance.

Notes: Fy/Fn = maximum quantum efficiency of photosystem II; ROS = reactive oxygen species;
pCO; = partial pressure of carbon dioxide. These studies provide comparative experimental evi-
dence and do not independently establish thermophily or thermal adaptation in Indian geothermal
diatom populations.

6. Potential Climate-Related Influences on Geothermal Diatom Ecology

Direct evidence linking climate change to diatom assemblages in Indian geothermal
systems is currently unavailable. Two plausible pathways could link climate-related hy-
drological changes to geothermal diatom communities. These pathways are proposed
as testable hypotheses rather than established ecological responses. First, in monsoon-
influenced geothermal systems, changes in precipitation and groundwater recharge may
alter the mixing of geothermal fluids with cooler surface water, affecting temperature, con-
ductivity, discharge, and habitat stability in spring margins and outflow channels [89,90].
Hydrochemical studies of the Bakreswar-Tantloi system suggest that deep geothermal
waters may be less responsive to short-term seasonal variability than surface-influenced
waters [91]. Consequently, a testable hypothesis is that seasonal changes in diatom assem-
blages will be more pronounced in peripheral mixing zones than near relatively stable
geothermal sources. Second, in Himalayan geothermal systems, changes in snow and
glacier melt may influence groundwater recharge, dilution of geothermal fluids, and dis-
solved silica availability [92-94]. These changes could affect diatom communities through
altered temperature, water chemistry, and substrate stability. A testable hypothesis is that
changes in meltwater contribution will correspond with shifts in environmental conditions
and diatom assemblage composition in geothermal outflows. Evaluating both pathways
will require repeated, matched biological and environmental observations, particularly
across seasons and years. At present, these relationships remain hypotheses requiring
direct investigation in Indian geothermal ecosystems.

7. Toward an India-Specific Geothermal Diatom
Bioassessment Framework

Diatom-based indices are widely used in aquatic bioassessment because assemblage
composition reflects environmental conditions and individual taxa differ in their ecologi-
cal preferences and tolerances [95-97]. However, no calibrated diatom-based assessment
framework currently exists specifically for Indian geothermal ecosystems. The primary
objective of the proposed framework would be to assess ecological condition by identi-
fying departures in diatom assemblage composition from minimally disturbed reference
conditions within comparable geothermal habitats. It would pay particular attention to
changes potentially linked to anthropogenic pressures, including nutrient enrichment,
contamination, and altered water discharge. Natural variation in temperature and hydro-
chemistry would be treated as environmental context rather than evidence of degradation.
Changes in diatom biodiversity and community composition could also be monitored
as complementary ecological outcomes, but these would be distinguished from pressure-
related assessments. This distinction is essential for interpreting future index values and
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avoiding the misclassification of naturally variable geothermal habitats as degraded. Such
a framework should distinguish natural geothermal variability from anthropogenic distur-
bance, assess ecological conditions across different thermal habitats, and detect changes in
diatom assemblages over time. Its development should follow a phased approach based
on available evidence, resources, and methodological requirements.

The first essential stage is to establish a baseline of spatially matched biological and
environmental observations. Standardized diatom sampling and light microscopy should
be accompanied by measurements of temperature, pH, conductivity, and dissolved sil-
ica at the same collection locations. Sampling dates, site coordinates, substrate types,
and habitat characteristics should also be recorded. This minimum dataset would allow
preliminary comparisons of diatom assemblages across geothermal environments with-
out requiring advanced molecular or remote-sensing technologies. Spatial and seasonal
replication should be incorporated progressively to improve data reliability and identify
environmental variability.

The second stage should address specific taxonomic and physiological uncertainties
using targeted investigations. Scanning electron microscopy and molecular identification
could resolve uncertain or cryptic taxa, while culture-based thermal experiments could
establish growth optima and tolerance limits. Genomics and other multi-omics approaches
may provide additional evidence of physiological mechanisms where justified by specific
research questions. Once sufficient quantitative species—environment data are available,
taxon-specific environmental optima and tolerances could be estimated through statistical
calibration [98]. Weighted biological-index formulations could then be developed using
empirically determined indicator values and weights [99].

The third stage would involve calibration, validation, and longer-term ecological
assessment. Reference conditions should be defined according to geological setting, hy-
drochemical characteristics, and thermal regime. Within each reference class, observed
assemblages should be compared with those at minimally disturbed sites under compa-
rable thermal, hydrochemical, and seasonal conditions. Changes within this expected
variability would be interpreted as natural ecological variation, whereas departures beyond
this range could indicate potential ecological disturbance. Such departures should be
evaluated alongside independent evidence of anthropogenic pressures, including nutrient
enrichment, pollution, or altered discharge, rather than attributed to any single environ-
mental factor. This approach would help distinguish natural geothermal heterogeneity
from pressure-related ecological change without assuming that all differences in diatom
assemblages indicate environmental degradation. After calibration, predictive performance
should be evaluated using independent geothermal localities and sampling periods ex-
cluded from the calibration dataset. This geographical and temporal separation would
help determine whether the assessment framework reliably identifies ecological departures
beyond the original calibration dataset. With sufficient replicated observations, nonlinear
statistical models, spatial analysis, GIS, and remote sensing could support the evaluation of
environmental relationships and habitat changes. More advanced forecasting approaches
would require long-term monitoring datasets and separate validation. These tools should
therefore be considered future extensions rather than prerequisites for baseline surveys.
A geothermal diatom bioassessment framework should only become operational after its
indicator values, reference conditions, and assessment thresholds have been calibrated and
independently validated using Indian geothermal data.

8. Research Gaps and Future Priorities

Despite historical investigations and recent ecological surveys, diatom communities
remain poorly characterized across many Indian geothermal systems. The first priority is
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to establish a geographically representative baseline through standardized surveys across
diverse Indian geothermal settings. Sampling should cover thermal gradients, microhabi-
tats, and seasonal variation, with temperature, pH, conductivity, dissolved silica, nutrients,
major ions, and relevant trace elements measured directly at each diatom sampling loca-
tion. These observations would help distinguish environmental influences on community
composition while addressing inconsistencies among existing studies. A second priority
is integrative taxonomy and experimental thermal ecology. Light and scanning electron
microscopy should be combined with molecular markers such as rbcL. and 18S rRNA,
supported by voucher specimens, cultures, images, and ecological metadata. A curated
molecular reference library would improve taxonomic resolution and support subsequent
metabarcoding and metagenomic investigations. Cultured geothermal diatoms should be
examined in thermal-performance experiments to estimate growth optima and tolerance
limits. Factorial experiments involving temperature, pH, silica, and other relevant envi-
ronmental variables could clarify interacting stress responses. Comparisons with related
non-geothermal populations, supported where appropriate by common-garden experi-
ments, genomics, transcriptomics, proteomics, and metabolomics, would help distinguish
physiological plasticity from potential thermal adaptation. Long-term ecological monitor-
ing represents a third priority [100]. Researchers could combine continuous environmental
sensors, GIS, UAV-based thermal imaging, and remote sensing with repeated biological
sampling to investigate seasonal changes, hydrological connectivity, and habitat stabil-
ity. Such studies are particularly relevant to geothermal systems influenced by monsoon
variability and changing groundwater recharge. Geothermal sinter deposits also warrant
targeted taphonomic and geochemical investigations to distinguish locally deposited di-
atom assemblages from transported or reworked valves. Together, these research priorities
would strengthen the ecological and evolutionary understanding of Indian geothermal
diatoms and generate the evidence needed for future bioassessment applications.

9. Conclusions

Published studies document diatom occurrence in geothermal springs and associated
thermal habitats across several regions of India, including spring tanks, outflow channels,
microbial mats, and mineral deposits. Historical taxonomic investigations and recent
ecological surveys document diatoms across a range of geothermal-associated habitats,
including moderately heated springs and outflows. However, reported richness varies
among localities and sampling conditions. For example, the Bakreswar bathing tank
(85-37 °C) contained 13 reported diatom entries, compared with nine entries in the warmer
reserve tank (>48 °C), although this difference cannot be attributed to temperature alone.
Historical observations also identified non-living diatom valves at temperatures above
52 °C, while studies of Puga geothermal sinter indicate that some preserved taxa may have
originated from adjacent cooler-water habitats. Together, these records document diatom
occurrence in geothermal settings but do not independently demonstrate active growth,
thermotolerance, thermophily, or evolutionary thermal adaptation. The available evidence
remains geographically uneven, with substantial differences in sampling methods, taxo-
nomic resolution, and environmental measurements. Consequently, the relative influences
of temperature, pH, dissolved silica, hydrochemistry, and hydrology remain incompletely
resolved. Although studies involving geothermal and non-geothermal diatoms suggest
potential physiological and molecular mechanisms of thermal tolerance, their relevance
to Indian geothermal taxa remains untested. Future research should prioritize standard-
ized ecological sampling, integrative taxonomy, and experimentally determined thermal
responses. These efforts could generate the evidence needed to develop, calibrate, and
independently validate an India-specific geothermal diatom bioassessment framework.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/hydrobiology5040039/s1; Table S1: Original diatom identifications
and detection records reported from Indian geothermal springs and associated thermal habitats.
Records are organized by published source and sampling locality. Taxonomic names and infraspecific
designations are retained as reported in the original publications to preserve historical identification
records. Table S2: Geographic coordinates and source classifications of the selected Indian geothermal
localities displayed in Figure 1. Coordinate categories distinguish original diatom collection sites
from published spring locations, regional estimates, mapped features, and geotagged photographic
locations. Coordinate source classifications are defined as follows: D, original diatom collection
position; F, published field or spring coordinate; R, regional review or inventory coordinate; O,
OpenStreetMap-derived feature; and G, geotagged photographic location. Geographic groups are H,
Himalayan/Trans-Himalayan; NW, northwestern India; C, central/peninsular India; E, eastern India;
NE, northeastern India; and W, western/southwestern India.
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