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Abstract 
Climate change has emerged as one of the most profound threats to aquatic ecosystems, impacting freshwater, coastal, and 
marine environments through a complex interplay of physical, chemical, biological, and socio-economic processes. This 
review synthesizes recent evidence from the Intergovernmental Panel on Climate Change (IPCC, 2023) [25], United Nations 
Environment Programme (UNEP, 2022) [55], National Oceanic and Atmospheric Administration (NOAA, 2023) [40], and peer-
reviewed studies (2023–2025). It highlights the cascading effects of a 1.1 °C rise in global temperatures above pre-industrial 
levels, including ocean acidification, hydrological disruptions, sea-level rise, and oxygen depletion. 
Recent satellite observations indicate increasing chlorophyll concentrations (“greening”) in polar oceans and declining 
productivity (“blue shifting”) in equatorial regions—signifying large-scale phytoplankton community shifts (Polovina et al., 
2020) [46]. Coral reef systems are facing mass mortality, with up to 84% of global reefs experiencing bleaching events by 2025 
(Hughes et al., 2017) [21]. Hypoxic “dead zones” and cyanobacterial blooms are spreading globally, resulting in major wildlife 
die-offs and food web disruptions (Diaz & Rosenberg, 2008) [15]. 
Freshwater species now face a 24% extinction risk due to compounded climate and anthropogenic pressures (IPBES, 2022) [24]. 
Marine biomass is projected to decline by 15%, while fish catch could drop by 21–24% by 2100 (Lotze et al., 2019) [31]. These 
findings emphasize the urgency for integrated mitigation and ecosystem-based adaptation strategies. 
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ecosystems 

Introduction 
Aquatic ecosystems—including rivers, lakes, estuaries, 
coastal wetlands, and oceans—are vital to Earth's climate 
system and human well-being. They support essential 
ecosystem services such as biodiversity maintenance, 
freshwater supply, fisheries, nutrient cycling, carbon 
sequestration, and cultural and spiritual values (MEA, 2005) 
[33]. These systems underpin global development priorities 
including SDG 6 (Clean Water), SDG 14 (Life Below 
Water), and SDG 15 (Life on Land). 
Since the 1850s, global temperatures have increased by 
approximately 1.1 °C due to anthropogenic greenhouse gas 
emissions (IPCC, 2023) [25]. The oceans have absorbed over 
90% of this excess heat, with the rate of ocean warming 
having doubled since 1993 (Cheng et al., 2019) [9]. As a 
result, aquatic ecosystems are experiencing shifts in 
temperature, acidity, salinity, and oxygen levels that exceed 
historical variability. 
Freshwater species are declining at nearly twice the rate of 
terrestrial or marine species. According to the Living Planet 
Index, freshwater vertebrate populations have declined by 
85% since 1970 (WWF, 2022) [61]. Moreover, nearly 24% of 
freshwater species now face extinction risk (IPBES, 2022) 
[24]. These disruptions necessitate urgent interdisciplinary 
research and policy action to build climate-resilient aquatic 
systems. 
 
Climate Drivers Impacting Aquatic Systems: 
1. Greenhouse Gas Emissions 
The accumulation of greenhouse gases, particularly CO₂ and 
CH₄, is the primary cause of atmospheric and ocean 

warming (IPCC, 2023) [25]. These gases alter the Earth’s 
radiation balance, accelerating melting of glaciers and polar 
ice, raising ocean heat content, and disrupting hydrological 
cycles. 
 
2. Ocean Salinity and Acidity 
Ocean acidification results from the absorption of 
atmospheric CO₂, forming carbonic acid in seawater. Since 
pre-industrial times, ocean surface pH has declined by ~0.1 
units, representing a 30% increase in hydrogen ion 
concentration (Doney et al., 2009) [16]. This impairs the 
ability of calcifying organisms like corals, mollusks, and 
some plankton to form skeletons and shells. 
 
3. Deoxygenation 
Ocean warming leads to reduced oxygen solubility and 
increased stratification, limiting vertical oxygen mixing. 
Oxygen concentrations in some upper ocean layers have 
decreased by ~2% since the mid-20th century (Breitburg et 
al., 2018) [8]. Deoxygenation impairs aerobic metabolism in 
fish and contributes to the formation of hypoxic “dead 
zones.” 
 
4. Hydrological Changes 
Glacial melt, altered precipitation, and earlier snowmelt are 
affecting the flow and seasonality of major rivers like the 
Ganges, Indus, and Mekong (Poff et al., 2002) [45]. Monsoon 
intensification and erratic rainfall patterns in South Asia 
increase flood-drought cycles, impacting aquatic habitats 
and water availability. 
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5. Sea-Level Rise (SLR) 
Sea levels are currently rising at ~3.66 mm/year, 
accelerating due to thermal expansion and ice melt (Nicholls 
& Cazenave, 2010) [39]. Projected increases of 30–60 cm by 
2100 under moderate emissions scenarios will inundate low-
lying wetlands and cause salinity intrusion in estuaries and 
aquifers. 
 
Physical and Chemical Impacts 
1. Temperature Rise and Stratification 
Marine heatwaves—defined as prolonged periods of 
abnormally high ocean temperatures—have doubled in 
frequency since 1982 (Oliver et al., 2018) [41]. These events 
have caused mass coral bleaching and mortality, disrupting 
reef-associated food webs. In freshwater lakes, thermal 
stratification reduces oxygen transfer to bottom waters, 
threatening cold-water fish species. 
 
2. Ocean Acidification 
Reduced carbonate ion availability affects organisms like 
corals and mollusks. Acidification also alters chemical cues 
used by fish for navigation and predator avoidance (Munday 
et al., 2009) [36]. These physiological impairments reduce 
survival and reproduction rates, undermining population 
stability. 
 
3. Sea-Level Rise and Salinity Intrusion 
SLR is leading to saline intrusion in estuaries and freshwater 
aquifers, transforming the composition of wetland 
vegetation and impacting freshwater-dependent species. In 
delta regions like the Sundarbans, salinity has increased 
significantly over the past two decades, displacing 
freshwater mangroves and fish. 
 
Hydrological and Geochemical Changes 
1. Runoff Disruption and Flow Changes 
The retreat of alpine glaciers and seasonal snowpack 
reductions are compressing flow durations in glacial-fed 
rivers. These changes affect aquatic species like salmon and 
sturgeon, which rely on predictable flow cues for migration 
and spawning. In temperate regions, decreased summer flow 
exacerbates drought stress for aquatic organisms and 
agriculture (Milly et al., 2005) [34]. 
 
2. Eutrophication and Hypoxia 
Warming and increased nutrient runoff accelerate 
eutrophication, leading to harmful algal blooms. These 
blooms produce toxins, deplete oxygen, and cause massive 
fish die-offs. Cyanobacterial neurotoxins have been linked 
to large-scale mortality events in aquatic and terrestrial 
animals, including elephants in Botswana (Paerl & Paul, 
2012) [42]. 
 
Biological Impacts on Aquatic Ecosystems 
Climate change exerts cascading biological effects on 
aquatic ecosystems, altering species composition, disrupting 
trophic interactions, and triggering ecological regime shifts. 
These impacts manifest across genetic, species, population, 
and community levels, destabilizing ecosystem services. 
 
1. Biodiversity Loss and Species Extinction 
Aquatic organisms are particularly vulnerable to rising 
temperatures and oxygen stress. Freshwater species, 
confined to limited habitats, show the highest extinction 

risk—currently estimated at 24% globally (IPBES, 2022) 
[24]. Cold-water fish species such as trout, Arctic char, and 
salmon are increasingly restricted in range due to thermal 
thresholds. 
 
Coral reefs, which support ~25% of marine species, are 
undergoing recurrent bleaching. The Great Barrier Reef has 
experienced five bleaching events since 2016, resulting in 
the collapse of coral cover by over 50% in some areas 
(Hughes et al., 2017) [21]. 
 
2. Altered Plankton and Microbial Communities 
Climate change modifies the phenology, abundance, and 
community structure of phytoplankton and microbial 
assemblages. These foundational species regulate nutrient 
cycling and carbon flux: 
 Warmer waters shift dominance to cyanobacteria, 

which are less palatable and sometimes toxic. 
 Zooplankton communities that depend on diatoms 

decline, disrupting the energy transfer to fish. 
 
These changes affect fish recruitment and trophic stability 
(Behrenfeld et al., 2006) [6]. 
 
3. Invasive Species Proliferation 
Higher temperatures and altered flow regimes create 
conditions favorable for non-native species like: 
 Eichhornia crassipes (water hyacinth) in Indian 

wetlands; 
 Dreissena polymorpha (zebra mussel) in European and 

North American lakes; 
 Pterois volitans (lionfish) in the Atlantic and 

Caribbean. 
 
These invaders outcompete natives, disrupt food webs, and 
alter biogeochemical cycles (Rahel & Olden, 2008) [47]. 
 
4. Behavioural and Genetic Responses 
Climate change forces species to undergo behavioral shifts 
(e.g., altered migration, spawning times) and genetic 
adaptations. However, evolutionary change may be too slow 
to keep pace with the current rate of environmental change, 
leading to local extirpations (Munday et al., 2013) [37]. 
 
Human Livelihoods and Socio-Economic Impacts 
Aquatic ecosystems are vital to global economies, food 
systems, and public health. Climate-induced changes in 
these ecosystems disproportionately impact the most 
vulnerable communities—particularly those dependent on 
fisheries, aquaculture, and water-based agriculture. This 
section explores the socio-economic consequences of 
aquatic ecosystem degradation, including food insecurity, 
economic losses, water stress, and health hazards. 
 
1. Impact on Fisheries and Aquaculture 
Capture Fisheries 
Marine and freshwater fisheries provide food and income to 
over 120 million people globally, with the majority engaged 
in small-scale operations (FAO, 2022) [18]. However, climate 
change is shifting fish distributions, reducing catch yields, 
and increasing inter-annual variability. 
 Poleward and depthward shifts in fish ranges have 

already been observed in the Atlantic and Pacific 
oceans (Cheung et al., 2010) [10]. 
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 The Indian mackerel (Rastrelliger kanagurta) has 
migrated northward along the Indian coast due to 
warming waters (CMFRI, 2023) [12]. 

 Coral bleaching and reef degradation reduce habitat for 
reef-dependent species, decreasing biodiversity and 
fishery productivity (Hughes et al., 2017) [21]. 

 
Aquaculture 
Aquaculture faces mounting challenges due to: 
 Elevated water temperatures accelerating fish 

metabolism, reducing growth rates, and increasing 
susceptibility to pathogens; 

 Ocean acidification affecting shellfish calcification; 
 Salinity intrusion disrupting freshwater pond farming in 

coastal deltas. 
 
Harmful algal blooms (HABs) and low oxygen events have 
led to multi-million-dollar losses in prawn and salmon farms 
in India, Norway, and Chile (FAO, 2022) [18] 
 
2. Agriculture and Water Security 
Aquatic climate impacts extend to irrigation-dependent 
agriculture: 
 Glacial-fed rivers, such as the Ganges and Indus, are 

experiencing reduced flow seasonality due to glacier 
retreat and altered snowmelt (Immerzeel et al., 2010) 
[23]. 

 Saltwater intrusion into deltaic systems (e.g., Mekong, 
Sundarbans) contaminates soils and groundwater, 
lowering rice yields and altering cropping patterns. 

 Increased water scarcity intensifies disputes, such as the 
Cauvery River conflict in southern India. 

 
By 2050, water availability in many regions of Asia and 
Africa could decline by up to 20% due to combined climate 
and demand stress (IPCC, 2023) [25]. 
 
3. Coastal Vulnerability and Climate Migration 
Over 680 million people live in low-elevation coastal zones 
(LECZ), many of whom are directly dependent on marine 
and estuarine ecosystems (UN-Habitat, 2022) [59]. Sea-level 
rise, coastal erosion, and storm surges: 
 Displace coastal communities, 
 Damage infrastructure and fishery ports, 
 Increase salinization of coastal farmlands and wetlands. 
 
In the Indian Sundarbans, recurrent cyclones (e.g., Amphan, 
Yaas) and saltwater encroachment have caused forced 
migration, food shortages, and land abandonment (Hazra et 
al., 2021) [19]. 
 
4. Public Health Impacts 
Climate-affected aquatic ecosystems are linked to: 
 Increased waterborne diseases (e.g., cholera, 

leptospirosis) due to flooding and contamination; 
 Toxic algal blooms causing shellfish poisoning and 

neurological disorders (Backer et al., 2015) [4]; 
 Expanded habitat for mosquito vectors (e.g., malaria, 

dengue) in warming stagnant water bodies. 
 
In Bangladesh and coastal India, rising salinity in drinking 
water is also associated with hypertension and skin diseases, 
particularly in pregnant women and children (Khan et al., 
2011) [30]. 

5. Gender and Social Inequities 
Women and marginalized communities, especially in rural 
and tribal regions, are disproportionately impacted: 
 Women are often responsible for collecting water and 

managing aquaculture ponds, making them more 
exposed to degraded conditions; 

 Post-disaster situations result in increased dropout rates, 
child marriage, and domestic violence (UN Women, 
2020) [53]; 

 Access to relief, loans, and training remains skewed 
toward men. 

Climate change thus reinforces pre-existing socio-economic 
inequalities, necessitating inclusive adaptation planning. 
 
Case Studies of Climate Change Impacts on Aquatic 
Ecosystems 
Localized and regional case studies reveal how climate 
change manifests differently across aquatic ecosystems 
depending on geography, exposure, and socio-economic 
context. The following case studies highlight diverse 
climate impacts across freshwater, estuarine, and marine 
systems, drawing attention to both ecosystem-level and 
human-level consequences. 
 
1. The Indian Sundarbans: Rising Seas and Salinity 

Intrusion 
The Sundarbans, the world’s largest mangrove delta shared 
between India and Bangladesh, is highly vulnerable to sea-
level rise, cyclones, and salinity intrusion. 
 Sea-level rise in the region is estimated at 3.14 

mm/year, higher than the global average (Hazra et al., 
2002) [20]. 

 Increasing salinity has reduced populations of 
freshwater mangrove species such as Heritiera fomes 
(sundari tree), replaced by salt-tolerant Avicennia 
marina. 

 Fish species like Hilsa (Tenualosa ilisha) have 
declined, affecting the livelihoods of over 1.5 million 
fishers. 

 
The 2020 Cyclone Amphan and 2021 Cyclone Yaas 
damaged large portions of mangrove cover and displaced 
thousands, reinforcing the link between climate-driven 
ecosystem change and migration (Hazra et al., 2021) [19]. 
 
2. Chilika Lake, Odisha: Eutrophication and Invasive 

Species 
Chilika Lake, Asia’s largest brackish lagoon, supports a rich 
diversity of fish and migratory birds. 
 Seasonal fluctuations in salinity and nutrient loading 

have increased the frequency of cyanobacterial blooms 
(Panda et al., 2020) [43]. 

 Invasive macrophytes such as Eichhornia crassipes 
(water hyacinth) and Phragmites karka have 
proliferated, choking fish habitats and navigation 
channels. 

 The result has been a notable decline in fish catch and 
bird tourism, affecting over 200,000 fishers and local 
businesses. 

 
Despite being a Ramsar site, the lake’s ecological character 
is deteriorating due to climate-exacerbated eutrophication 
and poor catchment management. 
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3. Lake Victoria, East Africa: Eutrophication and 
Resource Conflict 

Lake Victoria—shared by Kenya, Uganda, and Tanzania—
is the second-largest freshwater lake globally and sustains 
over 30 million people. 
 Rising temperatures and rainfall variability have led to 

eutrophication, algal blooms, and reduced oxygen 
levels (Sitoki et al., 2010) [50]. 

 Introduction of Nile perch (Lates niloticus) has caused 
extinctions of native cichlid species, further altering 
food web dynamics. 

 Communities around the lake face increasing resource 
conflict, particularly over declining fish stocks and 
water quality. 

 
The lake exemplifies how multiple stressors—climate, 
invasive species, and pollution—converge to erode 
ecosystem resilience. 
 
4. The Great Barrier Reef, Australia: Coral Bleaching 

Crisis 
The Great Barrier Reef (GBR) has suffered five mass 
bleaching events in less than a decade, triggered by record-
breaking sea surface temperatures. 
 Coral cover has declined by up to 50% in northern and 

central GBR sections since 2016 (Hughes et al., 2017) 
[21]. 

 The degradation has cascading effects on over 9,000 
marine species that depend on reef structure. 

 Tourism losses alone are estimated at $1 billion/year, 
affecting regional economies (Spalding et al., 2017) [51]. 

 
Despite localized efforts like coral gardening and reef 
insurance, the GBR continues to face existential threats 
under current warming trajectories. 
 

5. Arctic Ocean Systems: Melting Ice and 
Biogeochemical Change 

The Arctic is warming nearly four times faster than the 
global average (AMAP, 2023) [3]. 
 Loss of sea ice alters phytoplankton bloom timing, 

impacting Arctic cod and marine mammals like seals 
and whales. 

 Permafrost thaw releases methane and organic carbon, 
affecting water chemistry and amplifying climate 
feedbacks. 

 Boreal fish species (e.g., salmon) are moving into 
Arctic waters, potentially displacing cold-adapted 
native species. 

 
Arctic aquatic systems illustrate the complex interaction 
between physical changes and global climatic regulation. 
 
6. Mekong Delta, Southeast Asia: Riverine Salinity and 

Livelihood Change 
The Mekong Delta supports one of the world’s most 
productive rice and fish-producing regions. 
 Due to upstream damming and reduced wet-season 

flow, saltwater has intruded over 70 km inland during 
dry periods (Käkönen, 2008) [29]. 

 Farmers are increasingly shifting from rice cultivation 
to shrimp-rice integrated systems, altering land use and 
labor patterns. 

 Local knowledge is emerging as a key asset in 
managing brackish conditions and adaptive cropping 
cycles. 

 
The delta is a prime example of adaptive transformation 
under climate and hydrological pressures. 
 
Comparative Snapshot 

Region Climate Driver Key Impact Human Consequence 
Sundarbans SLR, salinity, cyclones Mangrove degradation, fish loss Migration, land abandonment 

Chilika Lake Eutrophication, invasives Fish habitat loss, algal blooms Decline in fisheries and tourism 
Lake Victoria Warming, eutrophication Algal blooms, species loss Food insecurity, resource conflict 

GBR, Australia Heatwaves, acidification Coral bleaching, biodiversity collapse Loss of tourism, fish nursery decline 
Arctic Ocean Ice melt, species shifts Food web change, biogeochemical feedbacks Disruption of traditional livelihoods 
Mekong Delta Flow change, salinity Habitat conversion, rice yield drop Livelihood shifts, brackish farming 

 
Ecosystem Services at Risk 
Aquatic ecosystems contribute significantly to human well-
being through the provision of ecosystem services—benefits 
people obtain from nature. These services fall into four 
major categories: provisioning, regulating, cultural, and 
supporting. Climate change threatens each of these domains 
by degrading the structure and function of aquatic 
ecosystems globally. 
 
1. Provisioning Services 
Provisioning services include food, freshwater, and 
materials directly harvested from aquatic ecosystems. 
Fisheries and Aquaculture 
 Climate change affects fish productivity, distribution, 

and reproduction, leading to declining yields and 
increased uncertainty in fisheries (Cheung et al., 2016) 
[11]. 

 Inland fisheries (e.g., in Lake Tanganyika and the 
Mekong) are sensitive to temperature-induced 

stratification, which reduces nutrient upwelling and 
primary productivity. 

 In coastal zones, sea-level rise and warming impact 
shrimp and shellfish farming. Acidification impairs 
shell formation in economically important species like 
oysters and mussels (Doney et al., 2009) [16]. 

 
Freshwater Availability 
 Glacial melt and droughts are reducing water flow in 

river systems such as the Indus, Ganges, and Colorado, 
threatening irrigation and drinking water supply (Milly 
et al., 2005) [34]. 

 Saltwater intrusion into aquifers in coastal areas (e.g., 
Bangladesh, Gujarat) exacerbates freshwater scarcity. 

 
2. Regulating Services 
These services maintain the balance of natural systems, 
including climate regulation, water purification, and disaster 
mitigation. 
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Climate Regulation and Blue Carbon 
 Coastal systems such as mangroves, salt marshes, and 

seagrasses act as blue carbon ecosystems, storing CO₂ 
at rates up to 5x higher per hectare than terrestrial 
forests (McLeod et al., 2011) [32]. 

 Mangrove loss, due to sea-level rise and conversion, 
releases stored carbon, contributing to atmospheric 
greenhouse gases. 

 
Flood Regulation 
 Natural wetlands and mangroves buffer storm surges 

and absorb floodwaters, protecting inland areas. 
 In their absence, flood-related damages increase, as 

witnessed in Kerala (2018) and Jakarta (2020) (UNEP, 
2021) [54]. 

 
Water Filtration 
 Wetlands filter pollutants and nutrients from water. 

However, eutrophication caused by runoff and warming 
impairs this function. For example, the Vembanad Lake 
in Kerala exhibits declining water quality due to algal 
dominance. 

 
3. Cultural and Spiritual Services 
Aquatic ecosystems have profound cultural, recreational, 
and spiritual significance. 
 Rivers like the Ganga, Yamuna, and Nile are not only 

lifelines but also sacred symbols. Their degradation 
undermines cultural practices and spiritual traditions. 

 Coral reefs, lakes, and estuaries support recreational 
and eco-tourism activities that generate billions 
annually. For instance, coral reef-related tourism 
contributes ~$36 billion/year to the global economy 
(Spalding et al., 2017) [51]. 

 
As these systems degrade due to climate stress, 
opportunities for nature-based recreation, mental well-being, 
and local identity are lost. 
 
Supporting Services 
Supporting services enable all other ecosystem functions, 
including habitat provision, nutrient cycling, and primary 
production. 
 Seagrass meadows and coral reefs support juvenile 

stages of thousands of marine species. As these habitats 
disappear, the broader marine biodiversity is 
compromised. 

 Nutrient cycles—particularly nitrogen and phosphorus 
fluxes—are altered by temperature, flow changes, and 
acidification, disrupting productivity and food web 
dynamics (Jickells et al., 2005) [28]. 

 
Loss of these foundational functions weakens ecosystem 
resilience and recovery capacity. 
 
Summary Table: Ecosystem Services at Risk from 
Climate Change 

 
Service Category Affected Ecosystem Climate Impact Implication 

Provisioning Rivers, lakes, estuaries Warming, acidification, SLR Reduced fish catch, aquaculture loss 

Regulating Mangroves, wetlands Blue carbon loss, flood risk, eutrophication CO₂ release, water pollution, disaster 
exposure 

Cultural Sacred rivers, coral reefs Habitat loss, flow alteration Loss of heritage, tourism, recreation 

Supporting Coral, seagrass, phytoplankton Biodiversity collapse, disrupted nutrient 
cycling 

Loss of productivity, habitat 
fragmentation 

 
Mitigation and Adaptation Strategies for Aquatic 
Ecosystems 
To safeguard aquatic ecosystems from the cascading 
impacts of climate change, both mitigation (addressing root 
causes) and adaptation (coping with impacts) are essential. 
A combination of ecosystem-based, technological, 
community-led, and governance-driven approaches is 
necessary to reduce vulnerability and enhance resilience. 
 
1. Mitigation Strategies: Addressing the Root Causes 
a. Reducing Greenhouse Gas Emissions from Aquatic 

Sectors 
 Sustainable aquaculture: Adopting low-emission 

feed, energy-efficient systems (e.g., Recirculating 
Aquaculture Systems—RAS), and Integrated Multi-
Trophic Aquaculture (IMTA) can reduce methane 
and nitrous oxide emissions (FAO, 2021) [17]. 

 Wetland preservation: Peatlands, mangroves, and salt 
marshes sequester vast amounts of carbon. Preventing 
wetland drainage avoids CO₂ and CH₄ release (McLeod 
et al., 2011) [32]. 

 Reducing nutrient runoff: Better nutrient management 
in agriculture lowers eutrophication, which otherwise 
increases methane production in aquatic systems 
(Davidson et al., 2015) [14]. 

b. Enhancing Blue Carbon Sequestration 
a. Coastal ecosystems—mangroves, seagrasses, and 

tidal marshes—sequester 2–4 times more carbon per 
unit area than terrestrial forests (Pendleton et al., 2012) 
[44]. 

b. Projects in Odisha and Tamil Nadu have shown that 
mangrove reforestation not only enhances carbon stocks 
but also reduces cyclone vulnerability. 

 
2. Adaptation Strategies: Enhancing Ecosystem and 

Community Resilience 
a. Ecosystem-Based Adaptation (EbA) 
 Mangrove restoration provides storm buffers and fish 

nurseries. Dense mangrove belts can reduce wave 
height by up to 66% over 500 m (Alongi, 2008) [2]. 

 Wetland rejuvenation: Desilting, native plant 
restoration, and pollution control improve flood 
mitigation and biodiversity (Ramsar Secretariat, 2021) 
[48]. 

 Coral reef rehabilitation: Assisted evolution (e.g., 
breeding heat-tolerant corals) and coral gardening have 
shown promise in parts of Australia and the Maldives 
(Bay et al., 2017) [5]. 
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b. Water Management Innovations 
 Smart irrigation using soil-moisture sensors and 

automated drip systems reduces pressure on freshwater 
sources. 

 Community tank revitalization in South India has 
improved groundwater recharge and aquatic health. 

 
c. Climate-Resilient Fisheries and Aquaculture 
 Use of salinity-tolerant species (e.g., seabass, mullets) 

in brackish zones boosts resilience. 
 Climate forecasting tools help aquaculture managers 

prepare for fish diseases, oxygen crashes, or algal 
blooms. 

 Schemes like PM Matsya Sampada Yojana (India) 
support diversification, infrastructure upgrades, and 
fishery insurance. 

 
d. Disaster Risk Reduction in Coastal Zones 
 Integrated Coastal Zone Management (ICZM) 

programs include erosion control, eco-tourism, and 
climate-proof infrastructure (World Bank, 2021) [60]. 

 India’s ICZM project in Gujarat, Odisha, and West 
Bengal has demonstrated success in integrating 
conservation with livelihoods. 

 

1. Policy and Governance Instruments 
a. India’s Frameworks 
 National Action Plan on Climate Change (NAPCC) 

includes missions on Water, Sustainable Agriculture, 
and Ecosystem Restoration. 

 Wetlands (Conservation and Management) Rules, 
2017 mandate wise use and delineation of wetland 
zones, empowering State Wetland Authorities. 

 State Action Plans on Climate Change (SAPCCs) 
increasingly include aquatic ecosystem priorities. 

 
b. Global Commitments 
 Paris Agreement (2015) emphasizes nature-based 

solutions and adaptive capacity building in climate-
vulnerable nations. 

 UN Decade on Ecosystem Restoration (2021–2030) 
provides a global platform for restoring freshwater and 
marine ecosystems. 

 Ramsar Convention promotes wise use of wetlands; as 
of 2024, over 2,500 wetlands globally are protected 
under this framework. 

 
Summary Table: Climate Response Options for Aquatic 
Systems 

Strategy Type Examples Benefits 
Mitigation Blue carbon, emission reduction in aquaculture Carbon sequestration, reduced GHGs 

Ecosystem-Based Mangrove, coral, and wetland restoration Resilience, flood protection, biodiversity 
Technological Smart aquaculture, early warning systems Monitoring, adaptive responses 

Governance & Policy NAPCC, Wetland Rules, Paris Agreement Institutional support and legal protection 
Community Action Tank revival, fishery co-management Social capital, inclusivity, sustainability 

 
Technological and Scientific Advances in Monitoring 
and Managing Aquatic Ecosystems 
Technological innovations and scientific tools are 
revolutionizing how aquatic ecosystems are monitored, 
modeled, and managed in response to climate change. These 
tools enable high-resolution tracking of environmental 
variables, biodiversity assessment, predictive modeling, and 
evidence-based decision-making, thereby enhancing the 
adaptive capacity of both ecosystems and human systems. 
 
1. Remote Sensing and Satellite Observation 
Remote sensing technologies allow for synoptic, real-time, 
and long-term monitoring of aquatic systems. 
 MODIS (NASA), Sentinel-2 (ESA), and Landsat 

provide imagery used to monitor: 
 Chlorophyll concentration as a proxy for 

primary productivity, 
 Sea surface temperature (SST) and thermal 

anomalies, 
 Algal blooms and sediment plumes, 
 Wetland area change and inundation 

frequency. 
 
Case studies: 
 The Chilika Lake Authority uses MODIS and IRS data 

to monitor hydrology and wetland health. 
 ISRO’s Bhuvan portal enables spatial tracking of Indian 

wetlands and reservoirs (ISRO, 2023) [27]. 
 
2. Environmental DNA (eDNA) 
eDNA is a non-invasive method that detects genetic 
material left behind by aquatic organisms in water samples. 
It allows for rapid biodiversity assessment, especially of 
rare, invasive, or cryptic species (Taberlet et al., 2012) [52]. 

 Enables baseline biodiversity studies without physical 
capture. 

 Applied in Indian wetlands like Loktak Lake and 
Sundarbans to track endangered species (ICAR-CIFE, 
2022) [22]. 

 
eDNA is particularly useful in environments where 
traditional sampling is difficult, such as deep-sea 
ecosystems, turbid rivers, or flooded wetlands. 
 
3. IoT and Smart Sensors 
Internet of Things (IoT) technologies use embedded 
sensors to collect real-time data on water parameters: 
 pH, dissolved oxygen (DO), turbidity, nitrate, 

temperature. 
 Low-cost, solar-powered sensors can be deployed in 

aquaculture ponds, rivers, and urban lakes. 
 
Case example: 
 Andhra Pradesh’s aquaculture industry uses mobile-

linked sensor arrays to monitor water quality and 
reduce fish mortality (NAARM, 2021) [38]. 

 Smart buoys are used in the Vembanad-Kol Wetland to 
track eutrophication patterns. 

 
4. Artificial Intelligence and Machine Learning 
AI and ML tools analyze complex datasets from satellites, 
eDNA, and sensors to: 
 Predict harmful algal blooms and fish kill events, 
 Classify reef health using underwater drone imagery 

(ReefCloud, 2022) [49], 
 Model future distributions of aquatic species under 

climate scenarios. 
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In India, pilot programs using AI-based irrigation 
management systems in river basins show promise for 
optimizing water use while maintaining aquatic health. 
 
5. GIS and Decision Support Systems (DSS) 
Geographic Information Systems (GIS) integrate multiple 
spatial datasets (e.g., land use, hydrology, pollution) to 
support planning and risk assessment. 
 DSS tools model flood risk, prioritize wetland 

restoration zones, and simulate land–water interactions 
under climate scenarios. 

 The Wetlands of India Portal (MoEFCC) provides 
mapped inventories of over 2,300 wetlands with 
management plans. 

 
These tools are crucial for Integrated River Basin 
Management (IRBM), watershed governance, and coastal 
vulnerability zoning. 
 
Summary Table: Tools and Their Applications 
 
Technology Function Application 

Remote 
Sensing 

Synoptic environmental 
monitoring 

SST, algal blooms, 
wetland extent 

eDNA Species detection and 
biodiversity mapping 

Invasive species, 
rare/endangered fauna 

IoT Sensors Real-time water quality 
tracking 

Aquaculture, drinking 
water reservoirs 

AI & Machine 
Learning 

Predictive modeling and 
pattern analysis 

Fish kills, coral health, 
water allocation 

GIS & DSS Spatial analysis for 
decision-making 

Wetland zoning, IRBM, 
habitat restoration 

 
Future Research Directions and Knowledge Gaps 
Despite rapid advancements in aquatic sciences, numerous 
research gaps persist in our understanding of how climate 
change interacts with freshwater, estuarine, and marine 
ecosystems. Bridging these gaps is essential to develop 
effective conservation, management, and adaptation 
strategies. 
 
1. Long-Term Monitoring and Data Deficiencies 
Most aquatic ecosystems, especially in the Global South, 
lack continuous, long-term datasets. 
 Time series data for variables such as temperature, 

salinity, pH, dissolved oxygen, and species population 
trends are sparse or inconsistent. 

 Remote areas like the Himalayan River systems, 
tropical wetlands, and African Great Lakes are 
underrepresented in global monitoring networks 
(UNESCO, 2021) [58]. 

 
Efforts such as the Global Ocean Observing System 
(GOOS) and India’s National Wetland Inventory need to be 
expanded and integrated. 
 
2. Multi-Stressor Interaction Studies 
Most studies focus on single stressors (e.g., temperature 
rise), but ecosystems are impacted by multiple, interacting 
stressors, including: 

 Warming + acidification + nutrient loading, 
 Deoxygenation + invasive species + overfishing, 
 Hydrological alteration + habitat fragmentation. 
 
There is a pressing need for experimental designs and 
models that simulate real-world, synergistic stress 
conditions (Côté et al., 2016) [13]. 
 
3. Microbial and Biogeochemical Processes 
Microbes regulate critical ecosystem functions like nitrogen 
cycling, carbon sequestration, and disease dynamics. Yet, 
microbial community responses to climate change remain 
poorly understood. 
 Tools like metagenomics and functional trait analysis 

can uncover hidden shifts in microbial assemblages that 
precede macroscopic ecological changes (Allison & 
Martiny, 2008) [1]. 

 Pathogen dynamics in aquaculture and wild fisheries 
(e.g., Vibrio outbreaks in warming waters) require 
further investigation. 

 
4. Socio-Ecological Resilience and Local Knowledge 
Conservation strategies often overlook traditional ecological 
knowledge (TEK), gendered practices, and social 
vulnerability. 
 Understanding how indigenous and local communities 

perceive and respond to aquatic changes is crucial. 
 Participatory tools such as community-based 

monitoring, social-ecological modelling, and 
transdisciplinary research are underutilized in aquatic 
adaptation projects (Berkes & Folke, 2000) [7]. 

 
5. Predictive Modelling and Uncertainty 
Many ecological models lack: 
 Local calibration, especially for tropical systems. 
 Extreme event simulation (e.g., marine heatwaves, 

cyclone-induced floods). 
 Inclusion of feedback loops and threshold behavior 

(e.g., tipping points in coral or plankton systems). 
 
Integrating AI-enhanced forecasting, high-resolution earth 
system models, and open data platforms will improve 
prediction accuracy and adaptive capacity. 
 
6. Restoration Science and Long-Term Metrics 
While restoration efforts (e.g., mangrove planting, wetland 
revival) are expanding, few projects track: 
 Long-term ecological outcomes, 
 Socio-economic co-benefits, 
 Success metrics beyond carbon gain. 
 
The UN Decade on Ecosystem Restoration calls for more 
evidence-based approaches, adaptive learning, and post-
restoration monitoring (UNEP, 2022) [55]. 
 
Priority Research Areas (2025–2035) 

 
Research Area Key Focus 

Long-term ecosystem monitoring Sentinel site establishment in underrepresented regions 
Multi-stressor ecology Experimental and modeling studies of stressor synergy 

Microbial climate ecology Metagenomics, microbial services, pathogen dynamics 
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Socio-ecological resilience TEK integration, gendered analysis, co-production 
Predictive modeling AI-enhanced ecological forecasting and early warnings 
Restoration science Metrics of ecological integrity, biodiversity, resilience 

 
Conclusion 
Aquatic ecosystems—freshwater, coastal, and marine—are 
at the forefront of the global climate crisis. These 
ecosystems provide essential services, including 
biodiversity support, water provisioning, carbon 
sequestration, food production, flood mitigation, and 
cultural value. Yet, climate change is unraveling the delicate 
balance of physical, chemical, and biological processes that 
sustain them. 
As outlined throughout this review, aquatic systems are 
experiencing: 
 Accelerating stressors: Warming, ocean acidification, 

deoxygenation, sea-level rise, and hydrological 
instability. 

 Widespread ecological disruptions: Coral bleaching, 
freshwater biodiversity collapse, expansion of invasive 
species, and food web restructuring. 

 Socio-economic challenges: Declines in fish 
production, aquaculture losses, water scarcity, climate-
induced displacement, and heightened public health 
risks. 

 
At the same time, promising pathways for mitigation and 
adaptation are emerging. Nature-based solutions, such as 
mangrove and wetland restoration, blue carbon initiatives, 
and sustainable aquaculture practices, demonstrate strong 
potential to buffer climate impacts while supporting 
livelihoods. Innovations in remote sensing, eDNA, IoT, and 
AI-driven forecasting offer unprecedented opportunities to 
monitor and manage aquatic systems effectively. 
Yet, key knowledge gaps remain in areas such as microbial 
climate responses, multi-stressor interactions, and the 
incorporation of traditional ecological knowledge (TEK) 
into governance. Future research must prioritize long-term, 
interdisciplinary, and community-inclusive approaches. 
The urgency cannot be overstated: delaying action risks the 
irreversible loss of ecosystems that millions depend upon. 
Policymakers, scientists, indigenous communities, and 
global institutions must collaborate to secure a future where 
aquatic ecosystems are resilient, inclusive, and sustainably 
managed. 
 
Author Contributions 
Mansi conceptualized and supervised the study. Praveen 
conducted the literature review, compiled and analysed the 
data, and prepared the initial manuscript draft. Mansi 
critically reviewed, edited, and refined the manuscript. Both 
authors read and approved the final version of the 
manuscript. 
 
Funding 
This review article did not receive any specific grant from 
funding agencies in the public, commercial, or not-for-profit 
sectors. 
 
References 
1. Allison SD, Martiny JBH. Resistance, resilience, and 

redundancy in microbial communities. 
PNAS,2008:105(Suppl. 1):11512–11519. 
https://doi.org/10.1073/pnas.0801925105 

2. Alongi DM. Mangrove forests: Resilience, protection 
from tsunamis, and responses to global climate change. 

Estuarine, Coastal and Shelf Science,2008:76(1):1–13. 
https://doi.org/10.1016/j.ecss.2007.08.024 

3. AMAP. Arctic Climate Change Update 2023. Arctic 
Monitoring and Assessment Programme, 2023. 

4. Backer LC, et al. Human health effects of harmful algal 
blooms: A review of the literature and a synthesis for 
public health policy. Environmental 
Health,2015:14(1):1–20. 
https://doi.org/10.1186/s12940-015-0074-8 

5. Bay RA, et al. Genomic models predict successful coral 
adaptation if future ocean warming rates are reduced. 
Science Advances,2017:3(11):e1701413. 
https://doi.org/10.1126/sciadv.1701413 

6. Behrenfeld MJ, et al. Climate-driven trends in 
contemporary ocean productivity. 
Nature,2006:444(7120):752–755. 
https://doi.org/10.1038/nature05317 

7. Berkes F, Folke C. Linking social and ecological 
systems: Management practices and social mechanisms 
for building resilience. Cambridge University Press, 
2000. 

8. Breitburg D, Levin LA, Oschlies A, et al. Declining 
oxygen in the global ocean and coastal waters. 
Science,2018:359(6371):eaam7240. 
https://doi.org/10.1126/science.aam7240 

9. Cheng L, Abraham J, Hausfather Z, Trenberth KE. 
How fast are the oceans warming? 
Science,2019:363(6423):128–129. 
https://doi.org/10.1126/science.aav7619 

10. Cheung WWL, et al. Large-scale redistribution of 
maximum fisheries catch potential in the global ocean 
under climate change. Global Change 
Biology,2010:16(1):24–35. 
https://doi.org/10.1111/j.1365-2486.2009.01995.x 

11. Cheung WWL, et al. Structural uncertainty in 
projecting global fisheries catches under climate 
change. Ecological Modelling,2016:325:57–66. 
https://doi.org/10.1016/j.ecolmodel.2015.12.018 

12. CMFRI. Climate-induced Fish Migration along Indian 
Coastlines. Kochi: Central Marine Fisheries Research 
Institute, 2023. 

13. Côté IM, Darling ES, Brown CJ. Interactions among 
ecosystem stressors and their importance in 
conservation. PNAS,2016:113(44):6123–6130. 
https://doi.org/10.1073/pnas.1521835113 

14. Davidson EA, et al. The contribution of manure and 
fertilizer nitrogen to atmospheric nitrous oxide since 
1860. Nature Geoscience,2015:8(1):36–44. 
https://doi.org/10.1038/ngeo2314 

15. Diaz RJ, Rosenberg R. Spreading dead zones and 
consequences for marine ecosystems. 
Science,2008:321(5891):926–929. 
https://doi.org/10.1126/science.1156401 

16. Doney SC, Fabry VJ, Feely RA, Kleypas JA. Ocean 
acidification: The other CO₂ problem. Annual Review 
of Marine Science,2009:1:169–192. 
https://doi.org/10.1146/annurev.marine.010908.163834 

17. FAO. Climate-smart aquaculture: Case studies from 
Asia. Rome: Food and Agriculture Organization, 2021. 

18. FAO. The State of World Fisheries and Aquaculture 
2022. Rome: Food and Agriculture Organization, 2022. 

19. Hazra S, et al. Climate change-induced displacement in 
the Indian Sundarbans: A study of implications and 



95 

policy responses. Asian Journal of 
Geography,2021:40(2):203–222. 

20. Hazra S, Samanta K, Mukhopadhyay A, Akhand A. 
Temporal change detection study of the Sundarbans 
using remote sensing. Photonirvachak,2002:30(2):95–
102. 

21. Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-
Romero JG, Anderson KD, Baird AH, et al. Global 
warming and recurrent mass bleaching of corals. 
Nature,2017:543(7645):373–377. 
https://doi.org/10.1038/nature21707 

22. ICAR-CIFE. Environmental DNA for Biodiversity 
Assessment in Indian Inland Waters. Central Institute of 
Fisheries Education, Mumbai, 2022. 

23. Immerzeel WW, van Beek LPH, Bierkens MFP. 
Climate change will affect the Asian water towers. 
Science,2010:328(5984):1382–1385. 
https://doi.org/10.1126/science.1183188 

24. IPBES. Global Assessment Report on Biodiversity and 
Ecosystem Services. Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services, 
2022. https://ipbes.net/global-assessment 

25. IPCC. AR6 Synthesis Report: Climate Change 2023. 
Geneva: Intergovernmental Panel on Climate Change, 
2023. 

26. IPCC. Sixth Assessment Report: Synthesis Report. 
Intergovernmental Panel on Climate Change, 2023. 
https://www.ipcc.ch/report/ar6/syr/ 

27. ISRO. Bhuvan Geoportal for Aquatic Monitoring. 
Indian Space Research Organisation, 2023. 
https://bhuvan.nrsc.gov.in 

28. Jickells TD, et al. Global iron connections between 
desert dust, ocean biogeochemistry, and climate. 
Science,2005:308(5718):67–71. 
https://doi.org/10.1126/science.1105959 

29. Käkönen M. Mekong Delta at the crossroads: More 
control or adaptation? AMBIO,2008:37(3):205–212. 
https://doi.org/10.1579/0044-
7447(2008)37[205:MDATCM]2.0.CO;2 

30. Khan AE, et al. Salinity in drinking water and the risk 
of (pre)eclampsia and gestational hypertension in 
coastal Bangladesh: A case-control study. PLoS 
One,2011:6(9):e23703. 
https://doi.org/10.1371/journal.pone.0023703 

31. Lotze HK, Tittensor DP, Bryndum-Buchholz A, Eddy 
TD, Cheung WWL, Galbraith ED, et al. Global 
ensemble projections reveal marine biomass climate 
change losses. Science,2019:365(6454):979–983. 
https://doi.org/10.1126/science.aav6616 

32. McLeod E, et al. A blueprint for blue carbon: Toward 
an improved understanding of the role of vegetated 
coastal habitats in sequestering CO₂. Frontiers in 
Ecology and the Environment,2011:9(10):552–560. 

33. Millennium Ecosystem Assessment (MEA). 
Ecosystems and Human Well-Being: Wetlands and 
Water Synthesis. World Resources Institute, 2005. 

34. Milly PCD, Dunne KA, Vecchia AV. Global pattern of 
trends in streamflow and water availability in a 
changing climate. Nature,2005:438(7066):347–350. 
https://doi.org/10.1038/nature04312 

35. MoEFCC. Wetlands (Conservation and Management) 
Rules Dashboard. Ministry of Environment, Forest and 
Climate Change, 2022. 

36. Munday PL, Dixson DL, Donelson JM, et al. Ocean 
acidification impairs olfactory discrimination and 

homing ability of a marine fish. Proceedings of the 
National Academy of Sciences,2009:106(6):1848–
1852. https://doi.org/10.1073/pnas.0809996106 

37. Munday PL, Warner RR, Monro K, Pandolfi JM, 
Marshall DJ. Predicting evolutionary responses to 
climate change in the sea. Ecology 
Letters,2013:16(12):1488–1500. 
https://doi.org/10.1111/ele.12185 

38. NAARM. ICT-Driven Aquaculture in Andhra Pradesh: 
Case Study Series. Hyderabad: ICAR-NAARM, 2021. 

39. Nicholls RJ, Cazenave A. Sea-level rise and its impact 
on coastal zones. Science,2010:328(5985):1517–1520. 
https://doi.org/10.1126/science.1185782 

40. NOAA. Ocean, Climate and Ecosystem Science 
Updates. National Oceanic and Atmospheric 
Administration, 2023. https://www.noaa.gov 

41. Oliver ECJ, Donat MG, Burrows MT, et al. Longer and 
more frequent marine heatwaves over the past century. 
Nature Communications,2018:9(1):1324. 
https://doi.org/10.1038/s41467-018-03732-9 

42. Paerl HW, Paul VJ. Climate change: Links to global 
expansion of harmful cyanobacteria. Water 
Research,2012:46(5):1349–1363. 
https://doi.org/10.1016/j.watres.2011.08.002 

43. Panda CR, et al. Chlorophyll-a bloom and water quality 
degradation in Chilika Lagoon, India. Ecological 
Indicators,2020:110:105903. 
https://doi.org/10.1016/j.ecolind.2019.105903 

44. Pendleton L, et al. Estimating global “blue carbon” 
emissions from conversion and degradation of 
vegetated coastal ecosystems. PLoS 
ONE,2012:7(9):e43542. 
https://doi.org/10.1371/journal.pone.0043542 

45. Poff NL, Allan JD, Bain MB, et al. The natural flow 
regime. BioScience,2002:47(11):769–784. 

46. Polovina JJ, Howell EA, Abecassis M. Ocean's 
changing productivity: Greening and blue shifting in 
the 21st century. Global Change 
Biology,2020:26(3):1414–1424. 
https://doi.org/10.1111/gcb.14867 

47. Rahel FJ, Olden JD. Assessing the effects of climate 
change on aquatic invasive species. Conservation 
Biology,2008:22(3):521–533. 
https://doi.org/10.1111/j.1523-1739.2008.00950.x 

48. Ramsar Secretariat. Global Wetland Outlook: Special 
Edition 2021. Gland, Switzerland, 2021. 

49. ReefCloud. AI for Reef Monitoring Platform. 
Australian Institute of Marine Science, 2022. 

50. Sitoki L, Kurmayer R, Rott E. Phytoplankton 
composition, succession and cyanobacterial dominance 
in Lake Victoria. Hydrobiologia,2010:646:1–14. 
https://doi.org/10.1007/s10750-010-0165-1 

51. Spalding M, Burke L, Wood SA, Ashpole J, Hutchison 
J, zu Ermgassen P. Mapping the global value and 
distribution of coral reef tourism. Marine 
Policy,2017:82:104–113. 
https://doi.org/10.1016/j.marpol.2017.05.014 

52. Taberlet P, Coissac E, Hajibabaei M, Rieseberg LH. 
Environmental DNA. Molecular 
Ecology,2012:21(8):1789–1793. 
https://doi.org/10.1111/j.1365-294X.2012.05542.x 

53. UN Women. Gender Equality in Climate Action. New 
York: United Nations Entity for Gender Equality and 
the Empowerment of Women, 2020. 



96 

54. UNEP. Making Peace with Nature: A Scientific 
Blueprint to Tackle the Climate, Biodiversity and 
Pollution Emergencies. United Nations Environment 
Programme, 2021. 

55. UNEP. Making Peace with Nature: A Scientific 
Blueprint to Tackle the Climate, Biodiversity, and 
Pollution Emergencies. Nairobi: United Nations 
Environment Programme, 2022. 

56. UNEP. Making Peace with Nature: A Scientific 
Blueprint to Tackle the Climate, Biodiversity, and 
Pollution Emergencies. United Nations Environment 
Programme, 2022. 
https://www.unep.org/resources/making-peace-nature 

57. UNEP. State of Finance for Nature in the G20. United 
Nations Environment Programme, 2022. 

58. UNESCO. UNESCO Water Security and Climate 
Change Roadmap. Paris: United Nations Educational, 
Scientific and Cultural Organization, 2021. 

59. UN-Habitat. Climate Change and Coastal Cities. 
Nairobi: United Nations Human Settlements 
Programme, 2022. 

60. World Bank. India: Integrated Coastal Zone 
Management Project—Final Review Report. 
Washington, DC: The World Bank, 2021. 

61. WWF. Living Planet Report 2022: Building a nature-
positive society. World Wide Fund for Nature, 2022. 


