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The Sundarbans, the world's largest contiguous mangrove ecosystem 

straddling India and Bangladesh, faces unprecedented biodiversity loss 

driven by climate change, anthropogenic pressures, and inadequate 

governance frameworks. This article critically examines the 

multidimensional drivers, ecological consequences, and conservation 

implications of biodiversity decline in the Indian Sundarbans of West 

Bengal. Drawing on recent empirical studies, remote sensing analyses, and 

ecological assessments, we document accelerating habitat degradation, 

species population declines, and disruption of critical ecosystem services. 

Our analysis reveals that sea-level rise, increasing cyclone intensity, salinity 

intrusion, and unsustainable resource extraction are synergistically eroding 

the ecological integrity of this UNESCO World Heritage Site. We propose 

an integrated conservation framework emphasizing community-based 
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1. Introduction 

1.1 Background and Significance 

The Sundarbans represents one of Earth's most biologically productive and ecologically significant 

ecosystems. Spanning approximately 10,200 km² across India and Bangladesh, with roughly 4,200 

km² lying within West Bengal, this deltaic region constitutes the largest mangrove forest globally 

and serves as a critical biodiversity hotspot. The Indian Sundarbans, designated a UNESCO World 

Heritage Site in 1987 and a Ramsar Wetland of International Importance, harbours an extraordinary 

assemblage of flora and fauna adapted to the unique conditions of tidal estuarine environments. 

The ecological significance of the Sundarbans extends far beyond its remarkable species diversity. 

The mangrove forests provide essential ecosystem services including coastal protection against 

cyclones and storm surges, carbon sequestration estimated at 4–8 times greater than terrestrial forests 

per unit area, nursery habitat for commercially important fisheries, and livelihood support for 

millions of coastal inhabitants. These services have been valued at billions of dollars annually, 

rendering the Sundarbans an ecosystem of global economic and ecological importance. 

1.2 Problem Statement 

Despite its protected status and recognized importance, the Sundarbans faces an accelerating 

biodiversity crisis. Contemporary research indicates alarming trends: mangrove cover has declined 

by approximately 3.7% over the past two decades, iconic species including the Bengal tiger 

(Panthera tigris tigris) exhibit population stress, and fish catches have decreased by 30–40% in 

certain areas. These trends are compounded by climate change projections suggesting that up to 17% 

of the Sundarbans may be submerged by 2100 under high-emission scenarios. 

1.3 Research Objectives 

This article aims to: 

1. Synthesize current evidence on biodiversity loss patterns and trajectories in the West Bengal 

Sundarbans 

2. Analyse the ecological consequences of biodiversity decline on ecosystem structure and 

function 

3. Evaluate existing conservation frameworks and identify critical gaps 

4. Propose evidence-based recommendations for sustainable management and conservation 

management, climate-adaptive strategies, and transboundary cooperation. 

The findings underscore the urgent need for evidence-based policy 

interventions to safeguard this irreplaceable ecosystem and the livelihoods 

of approximately 4.5 million people who depend upon it. 
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2. Ecological Characterization of the Sundarbans 

2.1 Geomorphological and Hydrological Setting 

The Sundarbans formed over millennia through sediment deposition by the Ganges-Brahmaputra-

Meghna river system, creating a complex mosaic of islands, tidal channels, mudflats, and mangrove 

forests. The region experiences semidiurnal tides with amplitudes ranging from 3–5 meters, creating 

dynamic salinity gradients that structure biological communities. The western Sundarbans in India 

receives diminished freshwater inflow following upstream damming and diversion, resulting in 

hypersaline conditions that increasingly stress mangrove vegetation and associated fauna. 

2.2 Floristic Diversity 

The Sundarbans mangrove forests comprise approximately 64 plant species across 34 genera, 

representing one of the most diverse mangrove assemblages globally. The dominant species include 

       Species 
                  Common 

Name 
                 Ecological Role 

Heritiera fomes Sundri Climax species, timber value 

Excoecaria 

agallocha 
Genwa 

Pioneer species, coastal 

stabilization 

Avicennia 

officinalis 
Baen Salt-tolerant, early succession 

Sonneratia apetala Keora Colonizer, pneumatophore-rich 

Nypa fruticans Golpata Low salinity indicator 

Phoenix paludosa Hental palm Understory, wildlife food source 

The iconic Sundri tree (Heritiera fomes), from which the Sundarbans derives its name, has 

experienced severe die-back affecting over 40% of mature individuals, attributed to salinity stress 

and top-dying disease. 

2.3 Faunal Diversity 

The Sundarbans supports exceptional faunal diversity adapted to mangrove-estuarine conditions: 

1. Mammals: The region harbors approximately 50 mammalian species, including the Bengal 

tiger—the only mangrove-adapted tiger population globally. Other notable species include the 
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fishing cat (Prionailurus viverrinus), Gangetic dolphin (Platanista gangetica), Irrawaddy dolphin 

(Orcaella brevirostris), and spotted deer (Axis axis). 

2. Avifauna: Over 315 bird species have been documented, including 95 waterbird species. The 

Sundarbans serves as critical wintering habitat for migratory species along the Central Asian 

Flyway, including the endangered spoon-billed sandpiper (Calidris pygmaea). 

3. Herpetofauna: The estuarine crocodile (Crocodylus porosus), water monitor (Varanus salvator), 

and numerous snake species occupy key ecological niches. Endangered olive riley (Lepidochelys 

olivacea) and hawksbill (Eretmochelys imbricata) sea turtles utilize coastal areas. 

4. Ichthyofauna: Approximately 260 fish species support artisanal fisheries, with the hilsa 

(Tenualosa ilisha) representing the most economically important species. 

5. Invertebrates: The mudflat communities support diverse crustacean assemblages, including 

commercially important mud crabs (Scylla serrata) and prawns (Penaeus monodon), alongside 

molluscs critical to nutrient cycling. 

3. Drivers of Biodiversity Loss 

3.1 Climate Change Impacts 

Climate change represents the most pervasive and accelerating threat to Sundarbans biodiversity: 

1. Sea-Level Rise: Tide gauge data from the Sagar Island indicate sea-level rise rates of 3.14–8.0 

mm/year, substantially exceeding global averages. This rise, combined with land subsidence of 

2–4 mm/year, threatens low-lying islands and contributes to the documented submergence of 

islands including Lohachara and Ghoramara, displacing thousands of inhabitants. 

2. Cyclone Intensification: The Bay of Bengal has experienced increasing cyclone frequency and 

intensity. Cyclone Amphan (2020) caused catastrophic damage to approximately 28% of the 

Sundarbans' core area, destroying nesting habitat and causing mass mortality of mangrove 

vegetation. Recovery from such disturbances is increasingly compromised by shortened inter-

event intervals. 

3. Temperature Increase: Mean annual temperatures have risen by 0.5°Cover recent decades, with 

projected increases of 2–4°C by 2100. Elevated temperatures stress mangrove physiology, alter 

phenological patterns, and may exceed thermal tolerances of endemic fauna. 

4. Altered Precipitation Patterns: Monsoon variability has increased, with more intense rainfall 

events punctuated by extended dry periods. This pattern exacerbates both flooding impacts and 

dry-season salinity stress. 

3.2 Salinity Intrusion 

Salinity levels across the Indian Sundarbans have increased markedly over recent decades, driven by 

reduced freshwater inflow from the Ganges following upstream diversions, particularly the Farakka 

Barrage. Contemporary salinity measurements reveal: 
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✓ Western Sundarbans: 25–35 ppt (approaching or exceeding seawater) 

✓ Central Sundarbans: 15–25 ppt 

✓ Eastern sectors: Variable, 5–20 ppt 

Hypersaline conditions have triggered widespread Heritiera fomes mortality, altered species 

composition toward salt-tolerant assemblages, and reduced overall forest productivity. The 

shift threatens the entire trophic structure dependent upon Sundri-dominated forests. 

3.3 Anthropogenic Pressures 

Resource Extraction: Despite protected status, the Sundarbans experiences substantial extractive 

pressure: 

✓ Timber and fuelwood collection persists illegally 

✓ Overfishing has depleted commercially important stocks by 30–50% since 1990 

✓ Unsustainable prawn seed collection impacts fish recruitment 

✓ Non-timber forest product harvest exceeds sustainable yields 

Land Use Change: Agricultural encroachment and aquaculture expansion have converted mangrove 

areas, particularly in buffer zones. Shrimp aquaculture, while economically attractive, has caused 

localized deforestation and effluent pollution. 

Pollution: The Sundarbans receives pollutant loads from upstream agricultural, industrial, and urban 

sources via the Hooghly River system. Heavy metal contamination, plastic accumulation, and oil 

pollution from shipping impact water quality and accumulate through food chains. 

Human-Wildlife Conflict: Tiger attacks on humans occur annually, with approximately 20–30 

fatalities per decade. Retaliatory killing, though illegal, contributes to tiger mortality and impedes 

conservation acceptance. 

3.4 Governance and Policy Failures 

Despite comprehensive legal protections—including designation as Tiger Reserve, Biosphere 

Reserve, and Ramsar Site—enforcement remains inadequate. Jurisdictional fragmentation between 

forest, fisheries, and district administrations creates governance gaps. Limited transboundary 

coordination with Bangladesh hampers ecosystem-scale management. 

4. Documented Biodiversity Declines 

4.1 Mangrove Forest Loss and Degradation 

Satellite-based analyses reveal concerning trends in mangrove extent and condition: 

      Areat1----------Areat2 

Mangrove Loss Rate=   ------------------------ 

         t2-------------t1 
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Recent assessments indicate: 

• Net mangrove loss of 3.7% (1990–2020) in the Indian Sundarbans 

• Degradation affecting an additional 12–18% of remaining forest 

• Decline in forest density from 0.75 to 0.62 canopy closure 

• Species composition shift toward salt-tolerant, lower-diversity assemblages 

The loss of climax Heritiera fomes forests and replacement by pioneer Avicennia and Excoecaria 

species represents a fundamental shift in forest character with cascading ecological consequences. 

4.2 Declining Wildlife Populations 

Bengal Tiger: The Sundarbans tiger population, estimated at 88–96 individuals in recent camera-

trap surveys, represents the only mangrove-adapted tiger population globally. Population estimates 

have fluctuated but show no sustained recovery despite protection measures. Habitat fragmentation, 

prey depletion, and genetic isolation pose long-term viability concerns. 

Aquatic Fauna: Fish catch data indicate: 

Species Group Decline (1995–2020) Primary Drivers 

Hilsa shad 45% Overfishing, habitat change 

Pomfret species 35% Overfishing 

Mud crabs 50% Harvest pressure 

Prawns 40% Seed collection, habitat loss 

 

Indicator Species: Populations of indicator species including the fishing cat, smooth-coated otter 

(Lutrogale perspicillata), and water monitor have declined significantly, signaling ecosystem-wide 

stress. 

5. Ecological Consequences 

5.1 Ecosystem Service Degradation 

Biodiversity loss directly compromises ecosystem service provision: 
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1. Coastal Protection: Mangrove deforestation and degradation reduce the buffering capacity 

against cyclonic storm surges. Economic damage from cyclones has increased substantially 

despite (or perhaps revealed by) the remaining mangrove barrier. The value of coastal protection 

services has been estimated at ₹15,000–25,000 per hectare annually. 

2. Carbon Storage: Sundarbans mangroves sequester approximately 4–8 tonnes C/ha/year in 

biomass and sediments. Deforestation releases stored carbon while eliminating future 

sequestration potential. Conservative estimates suggest that current degradation trajectories will 

release 1–2 million tonnes CO₂ equivalent annually by 2050. 

3. Fishery Productivity: Mangrove loss correlates directly with fishery decline, as 70–80% of 

commercially important species depend on mangrove nursery habitat during juvenile stages. 

Catch-per-unit-effort has declined by 40% since 1990. 

4. Water Quality Regulation: Mangrove filtration capacity for sediments and pollutants 

diminishes with forest loss, increasing turbidity and contaminant concentrations in estuarine 

waters. 

5.2 Trophic Cascade Effects 

The decline of apex predators and ecosystem engineer’s triggers cascading effects through food 

webs: 

1. Top-Down Effects: Reduced tiger and crocodile populations release predation pressure on 

mesopredators and herbivores, potentially altering vegetation dynamics through increased 

browsing pressure. 

2. Bottom-Up Effects: Loss of mangrove primary productivity reduces energy available to higher 

trophic levels, compressing food webs and reducing biomass at all levels. 

3. Detrital Pathway Disruption: Mangrove detritus supports the microbial and invertebrate 

communities that form the base of estuarine food webs. Reduced litter inputs diminish this 

pathway, with consequences for the entire ecosystem. 

5.3 Altered Biogeochemical Cycling 

Mangrove ecosystems regulate biogeochemical processes including: 

• Nitrogen fixation and denitrification in anoxic sediments 

• Phosphorus retention and cycling 

• Sulfur cycling in waterlogged substrates 

• Carbon flux between terrestrial, aquatic, and atmospheric pools 

Biodiversity loss disrupts these processes, potentially creating feedbacks that further degrade 

ecosystem function. Altered nutrient dynamics may shift competitive relationships among primary 

producers, favoring algal blooms over mangrove productivity. 
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5.4 Reduced Ecosystem Resilience 

Biodiversity functions as insurance against environmental variability. Species-rich communities 

exhibit greater functional redundancy, enabling continued ecosystem function when individual 

species decline. The progressive simplification of Sundarbans communities reduces this resilience 

precisely as climate variability increases: 

Resilience Index=f(Species Richness, Functional Diversity, Connectivity) 

Empirical data suggest declining resilience metrics across the Sundarbans, manifested as slower 

recovery from disturbance events and greater susceptibility to regime shifts. 

6. Conservation Framework Analysis 

6.1 Current Protection Status 

The Indian Sundarbans operates under a multi-layered protection framework: 

• Sundarbans National Park (1,330 km²): Core zone with strictest protection 

• Sundarbans Tiger Reserve (2,585 km²): Includes core and buffer zones 

• Sundarbans Biosphere Reserve (9,630 km²): Encompasses transition zones with human 

habitation 

• Ramsar Site Designation: International wetland protection 

• UNESCO World Heritage Site: Recognition of outstanding universal value 

6.2 Governance Challenges 

Despite comprehensive designations, governance effectiveness is limited by: 

1. Jurisdictional Fragmentation: Multiple agencies including the Forest Department, Fisheries 

Department, Sundarban Development Board, and district administrations maintain overlapping 

and sometimes conflicting mandates. 

2. Resource Constraints: Patrol capacity covers less than 30% of reserve area adequately. 

Surveillance infrastructure remains outdated relative to poaching sophistication. 

3. Community Alienation: Exclusionary conservation approaches have generated local resentment. 

Communities facing livelihood restrictions and human-wildlife conflict casualties often perceive 

conservation as contrary to their interests. 

4. Transboundary Gaps: The contiguous ecosystem with Bangladesh lacks coordinated 

management frameworks, enabling displacement of threats across borders. 
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6.3 Effectiveness Assessment 

Quantitative assessment reveals mixed outcomes: 

Conservation Indicator Trend (2010–2024)  Assessment 

Tiger population  Stable/slight decline  Concerning 

Mangrove extent  Declining   Failing 

Fishing pressure  Increasing   Failing 

Pollution loads  Increasing   Failing 

        Community engagement                  Improving                              Moderate progress 

 

Current approaches prove insufficient to reverse biodiversity decline trajectories. 

7. Implications for Conservation and Sustainable Management 

7.1 Climate-Adaptive Management 

Conservation strategies must explicitly incorporate climate change projections: 

1. Assisted Migration: Supporting landward migration of mangrove communities as sea levels rise 

requires protective designation of potential future habitat in currently unprotected areas. 

2. Resilience Enhancement: Restoring hydrological connectivity, reducing non-climate stressors, 

and maintaining genetic diversity enhance adaptive capacity. 

3. Climate-Smart Infrastructure: Protecting and restoring natural infrastructure (mangrove 

buffers, tidal channels) provides cost-effective climate adaptation while supporting biodiversity. 

7.2 Community-Based Conservation 

Effective conservation requires local community partnership: 

1. Co-Management Arrangements: Joint Forest Management Committees should receive genuine 

decision-making authority and benefit-sharing from ecosystem services including carbon credits 

and ecotourism revenues. 

2. Alternative Livelihood Development: Sustainable aquaculture, eco-tourism, and non-timber 

forest product enterprises must provide viable alternatives to extractive practices. 

3. Conflict Mitigation: Investment in tiger-proof enclosures, early warning systems, and 

compensation mechanisms can reduce human-wildlife conflict while building conservation 

support. 
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4. Traditional Knowledge Integration: Indigenous ecological knowledge regarding sustainable 

harvest practices, species behavior, and environmental monitoring should inform management 

decisions. 

7.3 Ecosystem-Based Management 

Management must address the ecosystem scale: 

1. Freshwater Flow Restoration: Negotiating increased freshwater releases through the Farakka 

Barrage and associated canals could reduce salinity stress throughout the western Sundarbans. 

2. Pollution Abatement: Upstream pollution control measures, including treatment requirements 

for industrial effluents and agricultural runoff reduction, are necessary preconditions for 

ecosystem recovery. 

3. Habitat Connectivity: Maintaining and restoring connectivity among habitat patches enables 

species movement, genetic exchange, and population persistence. 

4. Sustainable Fisheries: Science-based catch limits, seasonal closures protecting breeding 

aggregations, and elimination of destructive practices (bottom trawling, juvenile harvest) are 

necessary for fishery recovery. 

7.4 Transboundary Cooperation 

The Sundarbans ecosystem transcends political boundaries, requiring bilateral cooperation: 

1. Joint Monitoring: Coordinated wildlife surveys, water quality monitoring, and change detection 

provide ecosystem-scale understanding. 

2. Harmonized Regulations: Consistent fishing seasons, gear restrictions, and enforcement 

standards prevent regulatory arbitrage. 

3. Shared Governance Frameworks: A Sundarbans Commission or similar body could coordinate 

management across jurisdictions. 

4. Information Exchange: Regular sharing of research findings, threat assessments, and 

management innovations benefits both nations. 

7.5 Research and Monitoring Priorities 

Evidence-based management requires sustained research investment: 

1. Long-term ecological monitoring networks tracking vegetation dynamics, wildlife populations, 

and water quality 

2. Climate vulnerability assessments identifying species and areas at greatest risk 

3. Ecosystem service valuation supporting arguments for conservation investment 

4. Social-ecological research understanding human dimensions of conservation 
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5. Restoration ecology developing effective techniques for mangrove rehabilitation 

8. Policy Recommendations 

Based on the foregoing analysis, we propose the following policy interventions: 

8.1 Immediate Priorities (1–3 years) 

1. Strengthen enforcement capacity through increased patrol personnel, modern surveillance 

technology, and prosecutorial resources 

2. Establish genuine co-management with revenue-sharing and decision-making authority for local 

communities 

3. Implement science-based fishing regulations including catch limits, seasonal closures, and gear 

restrictions 

4. Initiate freshwater flow negotiations to restore salinity gradients 

8.2 Medium-Term Actions (3–10 years) 

1. Develop climate adaptation plans incorporating sea-level rise projections and identifying future 

habitat areas 

2. Establish transboundary management frameworks with Bangladesh 

3. Scale up mangrove restoration using appropriate species and techniques 

4. Create sustainable financing mechanisms including payment for ecosystem services and carbon 

credit schemes 

8.3 Long-Term Vision (10+ years) 

1. Achieve net-positive biodiversity outcomes with recovering wildlife populations and expanding 

mangrove extent 

2. Build climate-resilient communities with diversified livelihoods and reduced vulnerability 

3.  Establish the Sundarbans as a global model for integrated conservation and sustainable 

development 

9. Conclusion 

The Sundarbans of West Bengal faces a biodiversity crisis of unprecedented severity. Climate 

change, salinity intrusion, resource overexploitation, and governance failures have combined to drive 

accelerating losses of species, habitats, and ecosystem services. The ecological consequences 

cascade through food webs and biogeochemical cycles, undermining the resilience of this globally 

significant ecosystem. 
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However, the situation is not irreversible. Evidence-based conservation interventions, community 

partnerships, climate-adaptive management, and transboundary cooperation offer pathways toward 

recovery. The economic value of Sundarbans ecosystem services, the livelihoods of millions of 

coastal inhabitants, and the irreplaceable biodiversity of this World Heritage Site justify substantial 

investment in conservation and sustainable management. 

The coming decade represents a critical window. Actions taken now will determine whether the 

Sundarbans persists as a functioning ecosystem or degrades into an impoverished remnant. The 

choice belongs to policymakers, communities, and the global conservation community. The 

consequences will be borne by generations to come—both human and non-human—who depend 

upon this extraordinary place. 
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