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ABSTRACT 

	The most productive and valuable coastal ecosystems derive their ecological services from mangrove ecosystems which deliver carbon sequestration, coastal protection, nutrient cycling and biodiversity conservation. The ecosystems serve as vital transition zones which link land areas with marine zones while providing assistance to fishing activities and sustaining the economic activities of nearby coastal populations. The blue carbon storage capacity of mangroves enables them to store large quantities of carbon through their biomass and sediment deposits which also protects against the effects of rising sea levels and coastal erosion and extreme weather events. Human activities which include deforestation, aquaculture expansion, urbanization and pollution along with climate change effects have emerged as major threats to these ecosystems. These ecosystems require effective conservation and restoration strategies for their sustainable preservation. Key approaches encompass the protection of existing mangrove forests through the restoration of degraded areas which requires correct site selection for hydrological rehabilitation while creating conditions for natural regeneration which will lead to active community engagement. The ecosystem resilience and sustainable management of mangroves and their ecosystem services will improve through the combination of scientific management methods with policy making and financial support from initiatives like blue carbon programs.
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1. INTRODUCTION 

Mangroves are considered as one of the most specialized ecological assemblages of halophytic plants acting as a transient zone between land and ocean (Kumar et al., 2025; Ohimain et al., 2026). Mangroves are salt-tolerant trees and shrubs that grow in tropical and subtropical intertidal coastal zones, typically found between latitudes 25°N and 25°S. They are not a single species but a diverse ecological group comprising approximately 73 to 80 recognized species belonging to 20 different plant families all sharing remarkable adaptations to survive in harsh coastal environments. The term “mangal” is used for mangrove forest communities including other biotic components such as microbes and fungi, animals and other mangrove‐associated plants. Mangrove ecosystems represent the most productive coastal ecosystems which serve vital ecological functions because they deliver multiple ecosystem services that include carbon storage, coastal defense, nutrient recycling and biodiversity conservation. Mangroves adapt to thrive in challenging conditions, including regular tidal inundation, fluctuating salinity levels, waterlogged soils, and coastal pollution (Patra et al., 2020). Their distribution varies among continents, with Asia having the biggest portion (42 %), followed by Africa (21 %), North and Central America (15 %), Oceania (12 %), and South America (11 %). Mangrove ecosystems serve as essential systems which maintain global carbon storage and biodiversity protection while providing coastal areas with defense against natural disasters (Mugilan et al., 2024; Lovelock et al., 2025). A systematic review synthesizing global evidence from 2000 to 2024 shows that mangroves protect coastal areas for more than 150 million people through their ability to stabilize shorelines and decrease erosion. The tropical and subtropical coastal regions serve as the natural habitat for these intertidal forests which function as essential boundary zones between land areas and oceanic regions. The organisms have developed specific structural features and functional systems which enable them to survive in environments that have high salt content, excessive water and low oxygen availability. Mangrove create vital climate control functions by their ability to sequester substantial quantities of carbon in both above-ground and below-ground biomass (Saoum and Sarkar, 2024).	Comment by biruduravibabu@outlook.com: Is there any need for colouring the references
Climate change has increasingly become one of the greatest global challenges of our time and poses the greatest threats to coastlines. Some of these changes are sea-level rise, increased frequency of severe weather events and coastal erosion. The impacts of climate change are increasing vulnerability of coastal residents to disasters around the world due to both changes in the climate and unsustainable management of ecosystems. The scientific community has begun to recognize the importance of mangroves as nature-based solutions for mitigating and adapting to climate change-related impacts on coastal communities (Rizvi et al., 2015; Dada et al., 2021). However, human activities affecting mangroves, such as deforestation, pollution and land-use change, continue to threaten their survival and the ecosystems provide many benefits to coastal communities.

2. HISTORY OF MANGROVES
The earliest mangrove species originated in the Indo- Malayan region, because of their unique floating propagules and seeds, certain of these early mangrove species spread westward, borne by ocean currents, to India and East Africa, and eastward to the Americas, arriving in Central and South America between 66 million years ago (upper Cretaceous period) and 23 million years ago (lower Miocene epoch). Later, sea currents may have carried mangrove seeds to the western coast of Africa and as far south as New Zealand. This might explain why the mangroves of West Africa and the Americas contain fewer, but similar colonizing species, whereas those of Asia, India, and East Africa contain a much fuller range of mangrove species. Mangroves of World: Mangroves are mostly distributed over 112 countries and territories in the tropical and sub-tropical region of the world. Mangroves occupy less than 1 % of the world's surface. The total Mangrove cover in the world is 1,52,360 km2.   World's mangrove plants have 84 species. Asia has the largest amount of the world's mangrove. The most extensive area of mangrove is found in South East Asia followed by South America, North Central America and West and Central Africa. South Asia comprises 10,344 sq km which is 6.8 % of the world's mangrove cover. India's contribution is 45.8% of the total Mangrove cover in South Asia.	Comment by biruduravibabu@outlook.com: Add references for this text

3. ECOLOGICAL FUNCTIONS OF MANGROVES
The ecological functions of mangroves maintain sustainability for both coastal ecosystems and marine ecosystems. The ecosystems function as ecotones which connect land with sea while they provide essential services for nutrient cycling, primary productivity and energy transfer between systems. The ecosystems produce and decompose organic materials at high rates which leads to the development of complex food chain systems. Mangroves serve as the most efficient coastal wetlands which maintain and store blue carbon through their gross primary production capacity that exceeds other ecosystems by five times. The world contains only 1% of its coastal regions which serve as the sole blue carbon forest yet mangroves store 15% of the organic carbon found in these sediments and 1% of all global forested areas (Kandasamy et al., 2021).
They are crucial for preserving the quality of coastal waters, serve as a nutrient filter between land and sea, aid in protecting the coastline, serve as a breeding and nursery ground for several significant fishes and invertebrates, and assist coastal fisheries. The root systems of plants function to capture sediments and pollutants which results in better water quality and protects the health of coastal ecosystems. They help stabilize ecosystems because they manage biogeochemical cycles which serve as essential elements for maintaining ecosystem balance and resilience.	Comment by biruduravibabu@outlook.com: References are there, add references

UNIQUE BIOLOGICAL ADAPTATIONS
Mangroves possess extraordinary salt-tolerance mechanisms. Red mangroves use ultra-filtration at root membranes to exclude salt from seawater, while black and white mangroves actively excrete salt through leaf glands allowing survival in soils with salinities exceeding 90 parts per thousand. The primary structural adaptation of this species consists of its pneumatophore, which develops vertical growth from its lateral root system that extends above mud or water surfaces. The structures contain lenticels, which are small openings that permit air flow through spongy tissue, enabling roots to breathe in water-logged coastal soils. The extensive aerial root system functions as a dual-purpose system, which provides oxygen to underwater roots and supports the tree in soft mud while preventing erosion through sediment retention and coastal foundation building. 	Comment by biruduravibabu@outlook.com: Add references 

WATER QUALITY AND NATURAL FILTRATION
Mangrove root systems function as water filtration systems because they trap and filter suspended particles and pollutants, which leads to better water clarity as water moves through their root network. Mangroves exhibit exceptional abilities to mitigate nutrient runoff, particularly for excessive nitrogen and phosphorus, which safeguards coastal waters and protects marine ecosystems that exist beyond the coastline. Coastal waters operate as natural water purification systems because mangroves filter water by using three methods, which together remove sediments and nutrients and pollutants from their waters. The coastal zones operate as large-scale water purification systems because these systems use large-scale purification to remove harmful substances from entire coastal zones.	Comment by biruduravibabu@outlook.com: Add references

MANGROVE SOIL 
The soil beneath a mangrove forest is one of the most extraordinary environments in nature. It is permanently waterlogged, structurally soft, highly saline, sulfidic, and almost completely devoid of oxygen conditions that would be lethal to most plant root systems. Yet it is precisely these anoxic, oxygen-poor conditions that make mangrove soil so critically important for global carbon storage. In the absence of oxygen, the decomposition of organic matter fallen leaves, dead roots, animal remains slows dramatically, allowing organic carbon to accumulate in the sediment over centuries and even millennia. Mangrove soils can reach several metres in depth and may be thousands of years old, functioning essentially as ancient and irreplaceable carbon archives. This is why mangroves store carbon at rates	Comment by biruduravibabu@outlook.com: Add references

MANGROVE REPRODUCTION
Mangroves have evolved a fascinating and highly specialized reproductive strategy known as vivipary, which distinguishes them from nearly all other plant groups. In viviparous mangrove species, the seed germinates while still attached to the parent tree, producing a ready-to-grow seedling structure called a propagule before it ever reaches the ground. This strategy gives the seedling a significant head start in the challenging, saline, and unstable intertidal environment.	Comment by biruduravibabu@outlook.com: Add references

Once released, propagules can float in seawater for extended periods some Rhizophora propagules remain viable for over a year while drifting with ocean currents before washing ashore and taking root in suitable coastal sediment. This remarkable adaptation allows mangroves to naturally colonize new coastlines, rebuild after storm damage, and spread across vast distances through ocean currents, making them one of the most effective natural pioneer species for coastal land stabilization and recolonization.	Comment by biruduravibabu@outlook.com: Add reference
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Fig 1: Role of mangroves
(Source: Kumar et al., 2021)

4. MANGROVES AND CLIMATE CHANGE MITIGATION
The use of fossil fuels for transportation, industrial work and agricultural activities resulted in high emissions of pollutants like CO2, nitrogen oxides and particulate matter which destroyed the environment, polluted the air and created climate change problems. The need to establish effective solutions through technological development and management practices and policy creation becomes essential for the entire industry. Mangroves act as crucial blue carbon ecosystems through their ability to capture and keep carbon storage functions which they perform with exceptional proficiency. Plants absorb atmospheric carbon dioxide through the process of photosynthesis which results in carbon storage within their above-ground biomass and below-ground sediment for extended period.	Comment by biruduravibabu@outlook.com: Add references
Mangrove ecosystems store most of their carbon in soil areas which experience slower decomposition rates because of the anoxic conditions that exist there and this situation allows carbon to remain in the ground for extended periods. The carbon content in mangroves establishes them as the world's most carbon-dense ecosystems. Although they occupy a small land space, they have a major role in storing carbon throughout the planet and they help reduce climate change impacts. Long-term carbon sequestration per unit vegetated area in coastal mangrove forests is estimated to be three to five times that of terrestrial forests. Up to 90% of organic carbon is preserved in sediment and fine root systems under waterlogged and anaerobic conditions, acting as a long-term carbon sink. Comprising only 0.5% of the coastal area, mangroves contribute 10–15% of total coastal sediment carbon storage globally and 10–11% of total particulate carbon export to the marine environment. The natural ecosystem of blue carbon has gained global recognition because of its ability to diminish CO2 emissions. The coastal areas function as the single location through which the system extends its global reach (Taillardat et al., 2018). The vegetated coastal areas function as carbon storage locations which lead to decreased human-generated CO2 emissions. The different regional assessment methods used to measure Blue Carbon ecosystem suppliers lead to varying results in terms of their ability to supply ecosystem benefits. The management tool provides environmental wellness protection through its enhanced protection system which delivers environmental protection, preservation and service offerings to secure optimal environmental wellness and environmental production.

5. COASTAL PROTECTION AND DISASTER RESILIENCE
The natural protective functions of mangroves to safeguard coastal regions from various environmental threats which include storms, cyclones and tsunamis. The combination of their root systems and vegetation structure creates a protective system which reduces wave energy while stabilizing shorelines and cease coastal erosion. A 500-meter-wide mangrove belt decreases hydrodynamic force against tsunamis by 70% when facing waves that reach heights below 3 meters. The Pichavaram forest of Tamil Nadu successfully saved approximately 1,700 individuals during the 2004 Indian Ocean Tsunami. Mangroves decrease wave height by 13–66% across 100 meters of forest space, with maximum height reduction occurring at the forest boundary which faces into the wind and swell waves. Mangrove forests show high resilience to hurricanes, attributed to the evolutionary adaptation of species-specific traits. These ecosystems play a vital role in the global carbon cycle through outsized contributions to carbon burial and enhanced sedimentation rates. The root systems of mangrove trees capture more than 80% of incoming sediment while they create soil bonds which stop shoreline retreat. The deforestation of mangrove areas has led to severe erosion problems together with land subsidence issues and saltwater intrusion problems which scientists have documented in Central Java and Vietnam and Malaysia. Research on carbon flux dynamics shows that following a storm surge, restored mangroves actually increased CO₂ uptake by 20%, highlighting the importance of restoration for maintaining long-term blue carbon resilience under intensifying climate change.	Comment by biruduravibabu@outlook.com: Add references
Mangroves provide essential storm surge protection which prevents flooding and helps to safeguard coastal communities and their infrastructure which is an important ecosystem-based protection (Narayan et al. 2019). The tsunami-affected areas show that mangrove-covered regions suffered less damage than the regions which lacked vegetation. The evidence shows how these elements function as essential components for both climate adaptation strategies and disaster risk reduction methods. Just one kilometre of mangroves can attenuate over 80% of storm surge. As global warming increases flood risks from storm surges, mangrove forests are emerging as the best natural defence system against storms
[image: ]
Fig. 2 Mangroves in coastal protection
                   (Source: Sunkur et al., 2023).
6. MANGROVES AND SEA LEVEL RISE
 The IPCC 7th assessment report (2022) states that sea levels are expected to rise between 0.43 m (about 1.4 feet) and 0.84 m (about 2.8 feet) by the year 2100, based on different scenarios, with a fair amount of certainty based on data from 1986 to 2005 (NOAA, 2023). Global sea levels have increased by around 8 to 9 inches (21 to 24 cm) since 1880, with about half of the rise attributable to the thermal expansion of saltwater and the melting of land ice (Mondal et al., 2021). Mangroves have developed their special adaptive strategies which enable them to handle sea-level increases that result from climate change. The process of sediment accretion together with vertical soil buildup enables mangroves to sustain their original position while rising sea levels. Mangrove ecosystems experience increasing climate change effects because their natural coastal protection system breaks down when sea levels rise and certain mangrove species lose their ability to move toward higher ground. The process of adaptation depends on three main elements which include available sediment resources and the patterns of tidal movement and various human activities that disrupt natural systems. Mangrove ecosystems will face the risk of being submerged when sea-level rise occurs at a faster pace than sedimentation processes in their environment. Scientists have started understanding and predicting the future impacts of climate change on mangroves. Cavanaugh et al. (2019) suggested that the mangroves might move toward poles because of increasing global temperature. However, their long‐term survival may not be possible despite poleward movements as they can be impacted by other climatic constraints.
Increase in mean water depth due to sea-level rise may also reduce wave attenuation by mangroves, causing increased wave sizes in adjacent areas, thereby increasing sediment resuspension and coastal erosion. 

7. THREATS TO MANGROVE ECOSYSTEMS
Mangroves face critical threats to their existence because they experience annual loss rates between 1% and 2% and have already suffered 35% total loss for two decades ago because of urban development and aquaculture and mining operations and excessive resource extraction. The first global IUCN Red List assessment of mangrove ecosystems (2024) shows that more than half of all mangrove ecosystems face extinction risk before the year 2050. The population includes approximately 20% of its members who fall under Endangered or Critically Endangered status. Mangroves suffer from intense threats because both natural disasters and human activities destroy their vital ecosystems. Deforestation due to aquaculture expansion, urban growth and logging activities, has caused worldwide mangrove destruction. Loss of mangroves directly means the loss of a large number of other organisms, also endangering the stability and survival of the coastal marine ecosystems. The constant increase in the population across the globe and immigration to mangrove rich coastal areas results in mangrove loss 
Without significant intervention by 2050, climate change and sea-level rise will result in the loss of 1.8 billion tonnes of carbon stored in mangroves — valued at a minimum of $13 billion. The permanent threats to mangroves from climate change include four distinct factors which stem from rising sea levels, increasing atmospheric CO2 levels, elevated water and air temperatures, changing precipitation and storm intensity patterns (Alongi, 2008). Heavy metals, hydrocarbons and industrial effluents cause pollution which changes sediment chemistry and disrupts both plant growth and microbial processes. Deforestation and pollution together lead to more than 50% of biomass loss which engineers critical damage to ecosystem functions. The recent meta-analysis found that mangrove regions which experience both stressors show 40 to 60% reduction in above-ground biomass and primary productivity when compared to undisturbed areas. The current climate change situation worsens existing threats through two effects which cause temperature increases and changes in salinity patterns and more severe weather occurrences.

8. CONSERVATION AND RESTORATION STRATEGIES
The rising global sea level due to global warming and changing salinity levels also threatens the existence of the mangroves. The global community now directs its efforts to conserve and restore mangrove ecosystems because rising worries about essential global ecosystems require protection. The higher rainfall and runoff decrease salinity and improve nutrient availability in the estuaries which contribute to increased mangrove growth and productivity. It has been found that of the 75% of mangroves located in 15 top countries, only 6.9% of them are in the protected area
Effective conservation and restoration of mangroves are essential for maintaining their ecological and protective functions. This process needs a unified method which first safeguards current forests before it can start to restore damaged locations through ecological restoration methods. Conservation work aims to stop additional environmental damage through its efforts to manage three main threats which include aquaculture expansion and urban development and agricultural land conversion while establishing climate change and biodiversity protection policies which include mangrove ecosystems as essential components of their frameworks. The restoration process depends on two main factors which include restoration site selection and the identification of former mangrove locations that can restore natural tidal movement because nature-based hydrological restoration enhances ecosystem recovery outcomes. The approach to restoration should focus on natural regeneration methods which protect areas that have not yet developed their ecological system through natural regeneration processes while avoiding excessive tree planting methods. The community needs to participate in sustainability efforts because capacity building together with alternative livelihood programs will enable them to maintain their environment permanently. Restoration activities need to assess climate change effects through their selection of resilient species which will protect sediment flow especially during sea-level rise situations. Restoration of mangroves could recover an estimated 390 million metric tonnes of CO₂ equivalent, underscoring its massive potential for climate mitigation. The effective and sustainable management of mangroves needs a complete solution which includes small community-managed projects together with large-scale environmental programs and needs both monitoring and financing support that includes blue carbon financing programs. Recently, remote sensing technology has enabled accessing the area cover under mangroves because remote sensing is an indispensable tool for assessing and monitoring mangrove forests. Protecting and restoring mangroves isn't just good for the environment it's a smart economic choice. These ecosystems provide invaluable services that help build resilience against the growing threats of climate change
9. SOCIOECONOMIC IMPORTANCE
Mangrove are a extensive source of numerous products such as food, honey, medicines such as; steroids, triterpenes, saponins, flavonoids, alkaloids, tannin, timber and firewood, and services such as recreation, ecotourism, and aesthetics. They support fisheries, aquaculture, and livelihoods, contributing to food security and income generation. Mangroves function as natural barriers which safeguard coastal infrastructure while decreasing economic losses that result from natural disasters. The socio-economic development of coastal communities has benefited from mangrove forests because they provide essential resources which support both local and regional populations (Jakovac et al., 2020). The mangrove forests function as a control mechanism that determines the fish production in marine ecosystems. The mangrove area produces various import and export goods which include multiple types of fodders for shrimp, crabs, shellfish and fish. The mangrove ecosystem provides humans with two essential resources which include both food and income while offering additional economic benefits through its various natural products. It provides fuel in the form of charcoal and construction materials while also supplying medicinal products. The resources provide cultural benefits through their recreational value while supporting tourism activities which create sustainable development prospects. The loss of mangroves leads to economic and social problems which reach a critical level of severity.

10. Conclusion

Mangrove ecosystems function as vital systems which maintain coastal ecological equilibrium while promoting biodiversity and delivering crucial ecological functions which include carbon storage and fisheries support and coastal defense. Key attributes of mangrove forests include reducing coastal flood risk, sheltering coastal regions during storms, and stabilizing the coast making them robust nature-based solutions for disaster risk reduction. Human activities and climate change together create major threats which lead to mangrove ecosystems losing their essential functions through environmental degradation. The solution to these problems needs a complete method which protects current mangrove forests while restoring areas which have been degraded. Successful restoration depends on appropriate site selection, restoration of natural tidal and hydrological processes, and the use of climate-resilient species. The community needs to build capabilities through capacity building processes because sustainable livelihood options will create permanent success. The combination of monitoring systems and policy frameworks together with financial incentives that include blue carbon funding will enhance restoration efforts. Mangrove protection and restoration functions as a crucial component which supports coastal resilience building and climate change mitigation while providing sustainable development benefits to future generations.
The combination of monitoring systems and policy frameworks together with financial incentives that include blue carbon funding will enhance restoration efforts. Mangrove protection and restoration functions as a crucial component which supports coastal resilience building and climate change mitigation while providing sustainable development benefits to future generations. These ecosystems are not merely ecological assets they are indispensable shields against the escalating threats of climate change, and their protection is among the most cost-effective investments humanity can make in a resilient coastal future.
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Fig. 4. Mangroves shelter coastal regions during storms as they limit the exchange of water and store water when forests are of the proper size thus decreasing the
vulnerability of coastal inhabitants to storm surges further reducing economic impacts and death toll.




