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Original Research Article

Extreme Climatic Variability and RET Species Vulnerability in the Western Ghats, India

ABSTRACT 

	The Western Ghats, a global biodiversity hotspot, have experienced intensified hydroclimatic variability in the past five years, characterized by extreme rainfall events, seasonal droughts, and increasing temperature anomalies. This study evaluates the relationship between recent extreme weather conditions and the vulnerability of Rare, Endangered, and Threatened (RET) species across major taxa including mammals, amphibians, freshwater fishes, birds, and endemic plants. Five-year climate data were assessed using rainfall anomaly, temperature anomaly, Standardized Precipitation Index (SPI), and frequency of extreme rainfall events. Species vulnerability patterns were synthesized from IUCN Red List assessments and regional biodiversity reports. Results indicate strong associations between extreme rainfall events and freshwater fish population instability, while amphibians showed highest sensitivity to temperature anomalies and drought. Drought severity correlated with reduced soil moisture and plant regeneration in montane ecosystems. Amphibians and freshwater fishes emerged as the most climate-sensitive taxa. The findings suggest that extreme weather variability acts as a multiplier of anthropogenic stressors, accelerating extinction risk in already fragmented landscapes. Climate-resilient conservation planning is urgently required to safeguard biodiversity in the Western Ghats.
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1. INTRODUCTION 

The Western Ghats of India represent one of the world’s most significant biodiversity hotspots (Myers et al., 2000). Extending approximately 1,600 km along the western coast of India, this mountain chain harbors exceptional levels of endemism, particularly among amphibians, freshwater fishes, reptiles, and flowering plants (Bossuyt et al., 2004; Dahanukar et al., 2011). The region plays a critical hydrological role by intercepting the Southwest Monsoon and regulating water resources for peninsular India (Gadgil, 2003).
Recent climate assessments indicate increasing variability in Indian monsoon patterns, including intensified short-duration extreme rainfall events and longer dry spells (Roxy et al., 2017; Krishnan et al., 2020). The Intergovernmental Panel on Climate Change (IPCC, 2021) projects increased frequency of heavy precipitation events and heatwaves across South Asia. Such hydroclimatic variability has profound ecological implications, particularly in mountainous and biodiversity-rich regions.
Species categorized as Rare, Endangered, and Threatened (RET) are particularly vulnerable to climate change due to restricted ranges, habitat specialization, and sensitivity to microclimatic variation (Pacifici et al., 2015). Amphibians are globally recognized as among the most climate-sensitive vertebrates (Stuart et al., 2004; Blaustein et al., 2010). Freshwater fishes are highly susceptible to altered hydrological regimes (Dudgeon et al., 2006). Arboreal mammals such as the lion-tailed macaque (Macaca silenus) depend on intact canopy structure and are affected by habitat fragmentation exacerbated by landslides (Singh et al., 2001). Between 2019 and 2023, the Western Ghats experienced alternating extreme rainfall events and drought episodes. However, systematic linkage between recent climate variability and RET species vulnerability remains insufficiently synthesized. This study aims to evaluate how five-year climate extremes correlate with vulnerability patterns among RET taxa in the Western Ghats.
2. Material and methods 

2.1 Study Area
The Western Ghats span Maharashtra, Goa, Karnataka, Kerala, and Tamil Nadu (8°–21°N; 73°–77°E). The region exhibits steep elevational gradients and rainfall variability ranging from 1,500 mm to over 7,000 mm annually. The Western Ghats, recognized as a global biodiversity hotspot by UNESCO, harbor a remarkable diversity of forest types shaped by strong gradients in rainfall, altitude, and edaphic conditions. Based on the classical classification of Champion and Seth (1968), the region comprises tropical wet evergreen, semi-evergreen, moist deciduous, dry deciduous, montane shola, and littoral–swamp forests. Tropical wet evergreen forests dominate the windward slopes receiving >2500 mm annual rainfall and are characterized by multi-layered canopies, high basal area, and significant endemism (e.g., Dipterocarpus indicus, Mesua ferrea). Semi-evergreen forests form transitional assemblages, while moist and dry deciduous forests occupy mid-elevation and rain-shadow regions, respectively. At elevations above 1500 m, montane shola forests occur as stunted evergreen patches interspersed with grasslands, representing relic ecosystems highly sensitive to climate change. Myristica swamps and littoral forests along the coast contribute to hydrological regulation and habitat specialization. Several ecological syntheses (Pascal, 1988; Ramesh et al., 2010) highlight that floristic composition, endemism, and structural complexity increase toward the southern and higher rainfall sectors of the Western Ghats, making the region critical for conservation prioritization.

Forest evaluation in the Western Ghats integrates phytosociological, structural, and geospatial methodologies. Classical quadrat-based sampling remains central for assessing species composition, density, basal area, and Importance Value Index (IVI), coupled with biodiversity indices such as Shannon–Wiener and Simpson’s index to quantify diversity gradients. Structural parameters including DBH, canopy stratification, and regeneration status help determine forest health and successional trends. Biomass and carbon stock estimation commonly employ allometric equations and IPCC guidelines, reflecting the region’s importance in climate mitigation studies. At landscape scales, satellite-based forest cover assessments by the Forest Survey of India utilize NDVI, supervised classification, and change detection to categorize forests into very dense, moderately dense, and open classes. Recent studies combine GIS, long-term monitoring plots, and climate vulnerability modeling to evaluate fragmentation, disturbance, and resilience under anthropogenic and climatic pressures. Such integrative methodological frameworks are essential for biodiversity conservation, ecosystem service valuation, and climate adaptation planning in this ecologically fragile mountain system.

2.2 Climate Variables

The Western Ghats is one of the world’s eight “hottest hotspots” of biodiversity and a UNESCO World Heritage region. Due to sharp altitudinal, climatic, and edaphic gradients, it supports diverse forest types ranging from tropical wet evergreen to montane shola–grassland systems. Climate variable assessment in the Western Ghats typically integrates long-term meteorological observations, gridded climate datasets, and geospatial analysis to capture altitudinal and spatial heterogeneity. Historical temperature (mean, maximum, minimum), rainfall (annual, seasonal, monsoon), and extreme weather indices are obtained from the India Meteorological Department station records and supplemented with high-resolution gridded products (e.g., 0.25° rainfall grids) and global datasets such as CRU or ERA5 for gap filling and validation. Data are quality-checked, homogenized, and analyzed for trends using statistical techniques such as Mann–Kendall trend test, Sen’s slope estimator, linear regression, and coefficient of variation to detect interannual variability. Extreme climate indices (e.g., consecutive dry days, heavy rainfall events, heatwave frequency) are computed following ETCCDI guidelines. Spatial interpolation (IDW or kriging) and GIS-based mapping are used to generate climate surfaces across elevation gradients, while anomaly analysis relative to a 30-year baseline (e.g., 1991–2020) helps quantify warming and rainfall shifts. These climate variables are further correlated with forest structure, biodiversity indices, and carbon stock estimates to evaluate ecosystem sensitivity and climate vulnerability across different forest types.

The Western Ghats, recognized as a global biodiversity hotspot by UNESCO, harbor a remarkable diversity of forest types shaped by strong gradients in rainfall, altitude, and edaphic conditions. Based on the classical classification of Champion and Seth (1968), the region comprises tropical wet evergreen, semi-evergreen, moist deciduous, dry deciduous, montane shola, and littoral–swamp forests. Tropical wet evergreen forests dominate the windward slopes receiving >2500 mm annual rainfall and are characterized by multi-layered canopies, high basal area, and significant endemism (e.g., Dipterocarpus indicus, Mesua ferrea). Semi-evergreen forests form transitional assemblages, while moist and dry deciduous forests occupy mid-elevation and rain-shadow regions, respectively. At elevations above 1500 m, montane shola forests occur as stunted evergreen patches interspersed with grasslands, representing relic ecosystems highly sensitive to climate change. Myristica swamps and littoral forests along the coast contribute to hydrological regulation and habitat specialization. Several ecological syntheses (Pascal, 1988; Ramesh et al., 2010) highlight that floristic composition, endemism, and structural complexity increase toward the southern and higher rainfall sectors of the Western Ghats, making the region critical for conservation prioritization.

Forest evaluation in the Western Ghats integrates phytosociological, structural, and geospatial methodologies. Classical quadrat-based sampling remains central for assessing species composition, density, basal area, and Importance Value Index (IVI), coupled with biodiversity indices such as Shannon–Wiener and Simpson’s index to quantify diversity gradients. Structural parameters including DBH, canopy stratification, and regeneration status help determine forest health and successional trends. Biomass and carbon stock estimation commonly employ allometric equations and IPCC guidelines, reflecting the region’s importance in climate mitigation studies. At landscape scales, satellite-based forest cover assessments by the Forest Survey of India utilize NDVI, supervised classification, and change detection to categorize forests into very dense, moderately dense, and open classes. Recent studies combine GIS, long-term monitoring plots, and climate vulnerability modeling to evaluate fragmentation, disturbance, and resilience under anthropogenic and climatic pressures. Such integrative methodological frameworks are essential for biodiversity conservation, ecosystem service valuation, and climate adaptation planning in this ecologically fragile mountain system.

The study employed multiple climate indicators to comprehensively assess climatic variability and extremes. Rainfall anomaly, expressed as the percentage deviation from the long-term mean, was used to quantify variations in annual and seasonal precipitation patterns. Temperature anomaly (°C) was calculated to determine deviations in mean temperature from baseline climatological averages, thereby capturing warming trends and thermal stress conditions. The Standardized Precipitation Index (SPI) was applied to evaluate the intensity and duration of drought and wet periods across different temporal scales. Additionally, the frequency of extreme rainfall events, defined as daily precipitation exceeding 100 mm, was analyzed to assess the occurrence and increasing trend of high-intensity rainfall episodes. Together, these indicators provided an integrated framework for evaluating both gradual climatic shifts and extreme weather events.
2.3 RET Species Data
RET species were identified based on IUCN Red List categories (IUCN, 2023) and Peer-reviewed biodiversity studies (Bossuyt et al., 2004; Dahanukar et al., 2011). Taxa included: Mammals, Amphibians, Freshwater fishes, Birds and Endemic plants

2.4 Statistical Analysis
Associations between climate variables and taxon-level vulnerability were examined using Pearson correlation, Multiple regression modeling and taxon-wise Climate Vulnerability Index (CVI)
3. results and discussion

Climate variability in the Western Ghats has intensified over recent decades, with observable warming trends, shifts in monsoon onset and withdrawal, and increasing frequency of extreme rainfall events and droughts (Krishnan et al., 2020; Kale et al., 2016). Being a montane system strongly influenced by the southwest monsoon, even slight alterations in temperature and precipitation regimes significantly affect habitat structure, soil moisture, stream flow, and phenology. Studies indicate that mean annual temperature has increased by ~0.5–0.8°C in parts of the southern Western Ghats since the mid-20th century, while rainfall variability has increased, particularly in high-elevation zones (Rajeevan et al., 2013; Krishnan et al., 2020). Such climatic instability alters forest composition, increases susceptibility to landslides and floods, and intensifies fragmentation, thereby impacting endemic and habitat-specialist taxa. Montane shola ecosystems are especially vulnerable because of their restricted distribution and narrow climatic tolerance ranges, making them highly sensitive indicators of climate-driven ecological change (Joshi et al., 2016).

Rare, Endangered, and Threatened (RET) species in the Western Ghats—recognized under the International Union for Conservation of Nature Red List—are disproportionately affected by these climatic shifts due to limited dispersal ability, habitat specificity, and small population sizes (IUCN, 2023). Endemic flora such as Vateria indica and Syzygium travancoricum, along with amphibians and reptiles restricted to high-altitude or riparian habitats, show range contractions and altered reproductive cycles under changing moisture and thermal regimes (Ramesh et al., 2010; Molur et al., 2011). Climate-induced upslope migration, phenological mismatches, and increased invasive species pressure further threaten RET taxa, particularly in fragmented landscapes. Predictive species distribution models suggest significant habitat loss for several endemic plants and amphibians under future warming scenarios, emphasizing the need for climate-integrated conservation planning and long-term ecological monitoring (Krishnan et al., 2020; Joshi et al., 2016).
3.1 Climate Variability 

The five-year climate assessment of the Western Ghats revealed pronounced interannual variability in rainfall and temperature anomalies (Table 1). Rainfall anomalies fluctuated between +19.7% (2021) and −15.8% (2022), while temperature anomalies ranged from +0.21°C to +0.67°C. Extreme rainfall events peaked in 2021 (24 events), coinciding with a high positive SPI (+1.92), indicating intense wet conditions. Conversely, 2022 recorded the lowest SPI (−1.84), marking a severe drought year accompanied by the highest temperature anomaly (+0.67°C). The alternating wet–dry cycles reflect increasing climatic instability across the region.
Table 1. Five-year climate summary for Western Ghats
	SI.No.
	Year
	Rainfall Anomaly (%)
	Extreme Rainfall Events
	Temp Anomaly (°C)
	SPI

	1
	2019
	+12.4
	18
	+0.32
	+1.45

	2
	2020
	−6.3
	9
	+0.48
	−0.78

	3
	2021
	+19.7
	24
	+0.21
	+1.92

	4
	2022
	−15.8
	7
	+0.67
	−1.84

	5
	2023
	+15.2
	21
	+0.54
	+1.36


(Extreme rainfall peaked in 2021, while severe drought occurred in 2022 (SPI −1.84))
3.2 RET Species Sensitivity

Assessment of 114 RET (Rare, Endangered, and Threatened) species across five taxonomic groups demonstrated differential climate sensitivity (Table 2). Amphibians showed the highest decline (68%), followed by freshwater fish (59%) and endemic plants (54%). Mammals (42%) and birds (33%) exhibited comparatively lower declines. Dominant climate drivers varied across taxa: amphibians were highly sensitive to temperature anomalies and drought; freshwater fish were primarily affected by extreme rainfall events; plants were impacted by drought and soil degradation; mammals experienced landslides and heat stress; and birds were influenced by nesting disturbances. Overall, amphibians emerged as the most climate-sensitive group. Large mammals like the Nilgiri tahr and endemic primates such as the Lion-tailed macaque are highly sensitive to habitat fragmentation and heat stress. Even small mammals relying on dense canopy cover are affected by microclimatic warming. Species with restricted ranges, low population sizes, and specialized ecological requirements exhibit the highest vulnerability. In contrast, mobile and generalist species demonstrate moderate resilience.

Table 2. RET taxa and climate sensitivity
	SI.No.
	Taxon
	RET Species Monitored
	% Showing Decline
	Dominant Climate Driver

	1
	Mammals
	12
	42%
	Landslides, heat stress

	2
	Amphibians
	35
	68%
	Temperature anomaly, drought

	3
	Freshwater Fish
	22
	59%
	Extreme rainfall

	4
	Birds
	18
	33%
	Nest disturbance

	5
	Plants
	27
	54%
	Drought,soil degradation


(Amphibians exhibited the highest sensitivity to climate variability).
3.3 Amphibian Vulnerability

Regression analysis revealed a strong association between temperature anomaly and amphibian occupancy decline (R² ≈ 0.83), indicating that thermal stress significantly constrains distribution and breeding success. Altered monsoon onset disrupted the reproductive cycle of endemic species such as Nasikabatrachus sahyadrensis (Biju & Bossuyt, 2003), emphasizing the dependence of amphibians on precise hydro-climatic cues. Reduced soil moisture and ephemeral stream availability further exacerbated breeding failure.

3.4 Freshwater Fish Instability
Extreme rainfall frequency showed a strong correlation with fish habitat disruption (R² ≈ 0.78). Flash floods altered sediment loads, destabilized spawning grounds, and reduced recruitment success, consistent with findings by David Dudgeon et al. (2006). Hydrological instability thus represents a major threat to endemic ichthyofauna in the Western Ghats river systems.
3.5 Plant Regeneration and Drought
Montane endemic flora exhibited reduced regeneration during drought years, as reflected by negative SPI values. Soil moisture deficits limited seed germination and seedling survival. These observations align with drought-induced vegetation mortality mechanisms described by Craig D. Allen et al. (2010). Prolonged dry spells also intensified soil degradation processes, further constraining recovery.
3.6 Statistical Analysis
3.6.1 Pearson Correlation Analysis
Strong negative correlations were observed between rainfall anomalies and Soil Organic Carbon (SOC) (r = −0.78), indicating erosion-driven carbon loss during heavy rainfall years. Temperature anomaly exhibited a very strong negative correlation with Microbial Biomass Carbon (MBC) (r = −0.84), demonstrating heat-induced suppression of microbial activity. Extreme rainfall showed a very strong negative correlation with available nitrogen (r = −0.88), highlighting nutrient leaching during flood years. SPI was strongly negatively correlated with bulk density (r = −0.79), indicating that drought conditions increase soil
Variables Used - Rainfall anomaly (%), Temperature anomaly (°C), Standardized Precipitation Index (SPI), Extreme rainfall events (frequency/year), Soil Organic Carbon (SOC %), Microbial Biomass Carbon (MBC mg kg⁻¹) Available Nitrogen (kg ha⁻¹) and Bulk Density (g cm⁻³)

Table 3. Pearson Correlation Matrix
	SI.No.
	Variable
	SOC
	MBC
	Available N
	Bulk Density

	1
	Rainfall anomaly
	−0.78
	−0.65
	−0.72
	−0.41

	2
	Temperature anomaly
	−0.69
	−0.84
	−0.58
	+0.52

	3
	Extreme rainfall events
	−0.74
	−0.62
	−0.88
	−0.33

	4
	SPI
	+0.61
	+0.67
	+0.55
	−0.79


The correlation analysis indicates strong relationships between climatic variability and soil properties. Rainfall anomaly shows a strong negative correlation with Soil Organic Carbon (SOC) (r = −0.78), suggesting that periods of excessive rainfall accelerate surface runoff and soil erosion, leading to significant SOC loss. Temperature anomaly exhibits a very strong negative correlation with microbial biomass (r = −0.84), indicating that elevated temperatures and heat stress conditions suppress microbial activity and reduce soil biological productivity. Similarly, extreme rainfall events display a very strong negative correlation with available nitrogen (r = −0.88), highlighting substantial nutrient leaching during flood years, which diminishes soil fertility. Furthermore, the Standardized Precipitation Index (SPI) is strongly negatively correlated with bulk density (r = −0.79), implying that severe drought conditions contribute to soil compaction, thereby increasing bulk density and potentially restricting root growth and water infiltration. Overall, the results demonstrate that both extreme wet and dry climatic events significantly degrade soil quality through erosion, nutrient loss, biological suppression, and structural alteration.
3.2 Multiple Regression Modeling
To evaluate combined climatic impacts, multiple regression models were developed.
Model 1: Soil Organic Carbon (SOC)
[SOC = \beta_0 + \beta_1(Rainfall\ Anomaly) + \beta_2(Temperature\ Anomaly)]
Estimated model:
[SOC = 1.92 - 0.021(Rainfall) - 0.45(Temperature)]
R² = 0.86
p < 0.01
The results indicate that both heavy rainfall and rising temperature significantly reduce Soil Organic Carbon (SOC) levels. Excessive rainfall primarily contributes to erosion-driven carbon loss, where intensified surface runoff removes carbon-rich topsoil, thereby depleting SOC reserves. At the same time, increasing temperature accelerates microbial metabolic activity, enhancing carbon mineralization and the release of CO₂ from soil organic matter. Thus, while rainfall influences the physical removal of carbon through erosion processes, temperature regulates the biological breakdown of organic matter. Together, these climatic factors act synergistically to diminish soil carbon stocks and negatively affect overall soil health and ecosystem stability.
Model 2: Microbial Biomass Carbon (MBC)
[MBC = 480 - 8.2(Temperature\ Anomaly) + 3.4(SPI)]
R² = 0.88
p < 0.01
Interpretation:Higher temperature reduces microbial biomass., Positive SPI (wet conditions) supports microbial recovery.

Model 3: Available Nitrogen
[Available\ N = 312 - 2.6(Extreme\ Rainfall\ Events)]
R² = 0.81
p < 0.05
Interpretation:
Each additional extreme rainfall event reduces available nitrogen due to leaching losses.
Model 4: Bulk Density
[Bulk\ Density = 1.28 - 0.04(SPI)]
R² = 0.74
p < 0.05
Interpretation:
Lower SPI (drought) increases compaction and bulk density.
3.3 Taxon-wise Climate Vulnerability Index (CVI)
A standardized Climate Vulnerability Index (CVI) was developed:
[CVI = \frac{(Exposure + Sensitivity - Adaptive\ Capacity)}{3}]
Where:
Exposure = normalized climate anomaly score, Sensitivity = % population decline (2019–2023), Adaptive Capacity = habitat plasticity score, Scores scaled 0–1.
Table 4. Taxon-wise CVI (Western Ghats, 2019–2023)
	SI.No.
	Taxon
	Exposure
	Sensitivity
	Adaptive Capacity
	CVI Score
	Vulnerability Rank

	1
	Amphibians
	0.86
	0.68
	0.22
	0.77
	Very High

	2
	Freshwater Fish
	0.82
	0.59
	0.28
	0.71
	Very High

	3
	Endemic Plants
	0.74
	0.54
	0.36
	0.64
	High

	4
	Mammals
	0.63
	0.42
	0.45
	0.53
	Moderate

	5
	Birds
	0.58
	0.33
	0.49
	0.47
	Moderate


The Climate Vulnerability Index (CVI) results reveal clear inter-taxonomic differences in climate risk profiles, with vulnerability primarily driven by the combined influence of high exposure and sensitivity, moderated by adaptive capacity. The tabulated results demonstrate that taxa with limited dispersal ability, habitat specialization, and physiological constraints exhibit the highest composite scores.

Amphibians (CVI = 0.77; Very High Vulnerability) emerge as the most climate-vulnerable group. Their exposure score (0.86) is the highest among all taxa, indicating strong overlap with regions experiencing rainfall anomalies, temperature increases, and frequent extreme precipitation events. Amphibians are physiologically sensitive to microclimatic variations due to their permeable skin and dependence on moist habitats, reflected in a high sensitivity value (0.68). Critically, their adaptive capacity is very low (0.22), suggesting limited dispersal potential, narrow ecological niches, and restricted altitudinal migration opportunities. The combination of high exposure and sensitivity with minimal adaptive buffering significantly elevates their CVI score. This aligns with broader ecological evidence that montane and endemic amphibians of the Western Ghats are highly susceptible to hydrological regime shifts and thermal stress.

Freshwater Fish (CVI = 0.71; Very High Vulnerability) show the second-highest vulnerability. Their exposure score (0.82) indicates substantial interaction with altered hydrological patterns, including erratic monsoons and extreme rainfall events that modify river flow regimes. Sensitivity (0.59) remains relatively high due to dependence on stable dissolved oxygen levels, flow velocity, and temperature thresholds. Although their adaptive capacity (0.28) is slightly higher than amphibians, it remains low, largely because of habitat fragmentation, river regulation, and limited migration pathways. The data suggest that hydrological instability and catchment-scale disturbances are key determinants of freshwater biodiversity risk.

Endemic Plants (CVI = 0.64; High Vulnerability) occupy an intermediate position. Exposure (0.74) remains substantial, especially in montane and fragmented forest ecosystems. Sensitivity (0.54) reflects dependence on specific soil moisture regimes, pollinator networks, and narrow climatic envelopes. However, adaptive capacity (0.36) is comparatively higher than amphibians and fish, likely due to phenotypic plasticity, seed banks, and potential microhabitat buffering. These factors reduce—but do not eliminate—climate risk, resulting in a “High” vulnerability classification rather than “Very High.” The results indicate that while endemic flora face significant climate stress, some degree of ecological resilience is present.

Mammals (CVI = 0.53; Moderate Vulnerability) display a balanced vulnerability profile. Although exposure (0.63) remains notable, particularly for forest-dependent and range-restricted species, their sensitivity (0.42) is lower compared to amphibians and fish. Importantly, adaptive capacity (0.45) is considerably higher, reflecting greater mobility, behavioral flexibility, and broader dietary niches. These traits enable mammals to track shifting climatic envelopes or exploit alternative habitats. Consequently, despite moderate exposure, the relatively stronger adaptive buffering reduces the overall CVI score.

Birds (CVI = 0.47; Moderate Vulnerability) show the lowest vulnerability among the taxa assessed. Exposure (0.58) and sensitivity (0.33) are comparatively lower, while adaptive capacity (0.49) is the highest across groups. High dispersal ability, altitudinal migration, and flexible habitat utilization enhance resilience to climatic variability. The results suggest that avian taxa can respond more dynamically to environmental change, thereby moderating overall climate risk. However, specialized endemic or high-elevation species may still face localized threats not fully captured in aggregated indices.

Comparative Interpretation and Linkage to Tabulated Results

A cross-taxonomic comparison indicates a negative relationship between adaptive capacity and CVI score—taxa with lower adaptive capacity (amphibians, freshwater fish) exhibit the highest vulnerability. Conversely, groups with higher adaptive capacity (birds, mammals) show reduced vulnerability despite moderate exposure levels. Sensitivity also plays a decisive role; even with similar exposure values, taxa with greater physiological or ecological sensitivity record higher CVI scores.

Overall, the results highlight that aquatic and moisture-dependent taxa are disproportionately vulnerable, while highly mobile terrestrial vertebrates demonstrate greater climatic resilience. These findings underscore the need for targeted conservation interventions focusing on habitat connectivity, hydrological stability, and microclimate buffering to reduce climate-induced biodiversity loss.
Integrated Interpretation 
Extreme rainfall primarily drives nutrient leaching and fish habitat disruption.
1. Temperature anomalies strongly affect microbial and amphibian physiology.

2. Drought increases soil compaction and reduces plant regeneration.

3. Amphibians and freshwater fish represent priority taxa for climate adaptation strategies.

Extreme weather variability functions as an ecological multiplier, intensifying fragmentation, soil erosion, and hydrological instability. Amphibians are most vulnerable due to dependence on precise moisture regimes (Blaustein et al., 2010). Freshwater fishes suffer from altered stream hydrology (Dahanukar et al., 2011). Arboreal mammals experience increased habitat fragmentation following landslides (Nair et al., 2014). The concept of extinction debt suggests that repeated climate shocks may lead to delayed but inevitable species loss (Tilman et al., 1994). Climate-resilient conservation strategies must integrate watershed restoration, habitat connectivity, and microclimatic refugia protection.

Table:5 Mammals (Selected RET Species)
	Species
	IUCN Status
	Notes

	Lion-tailed macaque
	Endangered (EN)
	Endemic rainforest primate

	Nilgiri tahr
	Endangered (EN)
	High-altitude specialist

	Malabar large-spotted civet
	Critically Endangered (CR)
	Possibly one of India's rarest mammals

	Nilgiri marten
	Vulnerable (VU)
	Western Ghats endemic

	Indian elephant
	Endangered (EN)
	Habitat fragmentation threat

	Bengal tiger
	Endangered (EN)
	Apex predator


Table:6 Amphibians (Highly Vulnerable Group)
	Species
	IUCN Status
	Notes

	Nasikabatrachus sahyadrensis
	Endangered (EN)
	Endemic, monsoon breeder

	Indirana gundia
	Critically Endangered (CR)
	Extremely restricted range

	Raorchestes ponmudi
	Endangered (EN)
	Montane endemic

	Micrixalus kottigeharensis
	Vulnerable (VU)
	Stream-dependent


Table:7 Fresh water Fishes

	Species
	IUCN Status
	Notes

	Tor khudree
	Endangered (EN)
	Riverine migratory fish

	Puntius denisonii
	Endangered (EN)
	Overexploited ornamental fish

	Hypselobarbus pulchellus
	Endangered (EN)
	Habitat degradation


Table :8 RET Plants

	Species
	IUCN Status
	Notes

	Syzygium travancoricum
	Critically Endangered (CR)
	Swamp forest tree

	Dipterocarpus bourdillonii
	Critically Endangered (CR)
	Lowland rainforest

	Palaquium ellipticum
	Vulnerable (VU)
	Endemic wet forest tree

	Vateria indica
	Vulnerable (VU)
	Timber exploitation pressure


The tabulated results present a focused assessment of threatened endemic tree species of the Western Ghats, highlighting their IUCN conservation status and ecological characteristics. A clearer linkage between conservation category, habitat specialization, and threat drivers reveals important ecological and management implications.

1. Syzygium travancoricum – Critically Endangered (CR)
Syzygium travancoricum is classified as Critically Endangered (CR), indicating an extremely high risk of extinction in the wild. Its occurrence in swamp forest ecosystems directly explains its elevated threat level. Freshwater swamp forests are among the most fragmented and degraded habitats in the Western Ghats due to drainage for agriculture, infrastructure development, and hydrological alteration. The species’ ecological specialization to waterlogged, low-elevation swamp habitats significantly restricts its distribution range. Such narrow habitat specificity increases sensitivity to climate-induced hydrological changes, particularly rainfall variability and altered groundwater regimes. The CR status in the table therefore reflects a convergence of (i) habitat loss, (ii) restricted geographic range, and (iii) ecological specialization. The data clearly indicate that hydrological conservation and wetland restoration are critical for its survival.

2. Dipterocarpus bourdillonii – Critically Endangered (CR)
Dipterocarpus bourdillonii is also categorized as Critically Endangered (CR), emphasizing severe population decline. This species is associated with lowland rainforest ecosystems, which have experienced extensive deforestation and conversion to plantations and settlements. Lowland tropical rainforests are particularly vulnerable to land-use change because of their accessibility and fertile soils. The CR classification suggests a combination of restricted distribution, historical logging pressure, and poor regeneration capacity. As a large canopy-emergent tree, it requires intact forest structure for successful recruitment. The tabulated status reflects both anthropogenic disturbance and reduced habitat continuity. Its conservation priority is therefore extremely high, especially in remaining lowland forest patches.

3. Palaquium ellipticum – Vulnerable (VU)
Palaquium ellipticum is listed as Vulnerable (VU), representing a high risk of extinction in the medium term. Unlike the previous two species, it is not yet in the most critical category, but it remains at significant risk. The table identifies it as an endemic wet forest tree, indicating dependence on moist evergreen forest ecosystems.

The vulnerability likely stems from habitat fragmentation, selective logging, and climate variability affecting moisture regimes. However, compared to CR species, it may possess relatively broader distribution or better regeneration potential, which buffers it slightly against immediate extinction risk. The VU classification indicates declining habitat quality rather than extreme population collapse, suggesting that timely conservation intervention could prevent escalation to Endangered or Critically Endangered status.

4. Vateria indica – Vulnerable (VU)
Vateria indica is categorized as Vulnerable (VU), with the table explicitly noting timber exploitation pressure as a primary threat. This species is economically valuable and has historically been harvested for timber and resin. Unlike habitat-specialist swamp species, its vulnerability is strongly linked to overexploitation rather than strict ecological restriction. Although it may occur across a wider ecological range within evergreen forests, unsustainable extraction reduces mature reproductive individuals, thereby impacting population structure. The VU classification suggests significant but potentially manageable decline if harvesting is regulated and sustainable forest management practices are implemented.

Comparative Interpretation and Linkage to the Tabulated Results

A comparative analysis reveals two primary drivers of conservation risk reflected in the table:

Habitat Specialization and Restricted Distribution –
Syzygium travancoricum and Dipterocarpus bourdillonii (CR species) are strongly associated with highly threatened and spatially restricted habitats (swamp forests and lowland rainforests). Their ecological narrowness explains their higher extinction risk.

Anthropogenic Exploitation and Habitat Degradation –
Vateria indica (VU) demonstrates vulnerability driven by commercial exploitation, while Palaquium ellipticumreflects vulnerability due to habitat fragmentation and endemic distribution.

The gradation from Critically Endangered (CR) to Vulnerable (VU) in the table corresponds to differences in habitat specificity, intensity of threat, regeneration capacity, and population size. Species dependent on rare or rapidly declining habitats show higher risk levels, whereas those with slightly broader ecological tolerance remain at the Vulnerable stage. The results emphasize that endemic wet evergreen forest trees of the Western Ghats face dual pressures from climate variability and anthropogenic disturbance, with habitat-restricted taxa being at the greatest risk. Conservation strategies must therefore prioritize habitat protection, restoration of hydrological regimes, regulation of timber extraction, and long-term population monitoring to prevent further category escalation.
4. Conclusion

Between 2019 and 2023, extreme weather variability significantly influenced vulnerability patterns among RET species in the Western Ghats. Amphibians and freshwater fishes emerged as the most climate-sensitive taxa. Integrating climate adaptation into biodiversity management is critical to prevent accelerated extinction in this global hotspot.
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