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ABSTRACT

Mangrove ecosystems, vital coastal habitats, face unprecedented challenges in the An-
thropocene due to the interplay of natural and anthropogenic disturbances. Climate
change-driven stressors, including sea level rise, altered precipitation regimes, and in-
creased storm intensity, threaten mangrove survival by modifying hydrological and salinity
conditions. Additionally, direct human activities such as land conversion, pollution, and
unsustainable resource exploitation contribute to habitat degradation and biodiversity loss.
These stressors impact mangroves’ ability to provide crucial ecosystem services, including
carbon sequestration, coastal protection, and habitat for diverse species. Understanding
mangrove responses to these threats is essential for developing effective conservation
and management strategies. This review synthesizes scientific literature, policy docu-
ments, and case studies to explore sustainability challenges in mangrove conservation.
A holistic approach integrating ecological, social, and economic factors is necessary to
enhance mangrove resilience. Collaborative efforts among scientists, policymakers, and
local communities can drive sustainable management practices, ensuring the long-term
health of mangrove ecosystems in the face of global environmental change.
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1 Introduction

The Anthropocene is a proposed geological epoch
characterized by significant human impact on Earth’s ge-
ology and ecosystems. This era introduces novel distur-
bances to mangrove ecosystems, posing unique sustain-
ability challenges (Lugo et al., 2014). Mangroves, which
have historically thrived under natural disturbance regimes,
now face a combination of these natural events and anthro-
pogenic stressors, significantly impacting their survival and
overall functionality (Choudhary et al., 2024). These stres-
sors include climate change, pollution, and habitat destruc-
tion, which are altering the environmental conditions that
mangroves depend on. Understanding these challenges
is crucial for developing and implementing effective man-
grove conservation and management strategies that can
ensure the long-term health and resilience of these vital
ecosystems (Akram et al., 2023).

The shift to the Anthropocene has brought about un-
precedented changes in atmospheric gas composition, sea
levels, and hydrological conditions, all of which directly af-
fect mangrove ecosystems (Anu et al., 2024). Rising sea
levels, for instance, can inundate mangrove forests, alter-
ing their salinity and sediment regimes. Changes in pre-
cipitation patterns can lead to both increased flooding and
prolonged droughts, further stressing mangrove popula-
tions. Moreover, the increased frequency and intensity
of extreme weather events, such as hurricanes and cy-
clones, can cause widespread damage to mangrove habi-
tats. These environmental changes, coupled with direct
human impacts like deforestation and pollution, create a
complex web of challenges that mangroves must overcome
to persist in the Anthropocene (Fig. 1).

The concept of the Anthropocene highlights the need
for a more integrated and holistic approach to mangrove
conservation (Lugo et al., 2014). Traditional conservation
strategies, which often focus on protecting specific areas or
species, may not be sufficient to address the broad-scale
challenges posed by human activities. Instead, a more
comprehensive approach is needed that considers the in-
teractions between mangroves and the surrounding envi-
ronment, as well as the social and economic factors that
drive human impacts on these ecosystems. This requires
collaboration between scientists, policymakers, and local
communities to develop and implement sustainable man-
agement practices that can ensure the long-term health
and resilience of mangrove forests.

This review examines the sustainability challenges fac-
ing mangrove ecosystems in the Anthropocene, focusing
on the key threats to mangrove forests and identifying ef-
fective strategies for mitigating these threats and promot-
ing mangrove conservation. The scope of this analysis
includes a review of the scientific literature, policy docu-
ments, and case studies related to mangrove ecosystems
worldwide. The aim is to identify effective strategies for pro-

moting mangrove conservation and resilience in the face of
global environmental change.

1.1 Importance of Mangrove Ecosystems

Mangrove ecosystems provide a wide array of essen-
tial services that are crucial for both the environment and
human well-being. These services include carbon seques-
tration, which helps mitigate climate change, coastal pro-
tection from storms and erosion, and the provision of habi-
tat for a diverse range of plant and animal species (MEA,
2005). Mangroves are highly effective at capturing and
storing carbon dioxide from the atmosphere, making them
important “blue carbon” ecosystems. They act as natural
barriers against storms and coastal inundation by dissipat-
ing wave energy, reducing storm surge heights, and sta-
bilizing shorelines through their dense root networks. For
example, during the 2004 Indian Ocean tsunami, coastal
areas in Malaysia, Thailand, India and Sri Lanka with in-
tact mangrove belts experienced significantly less damage
and loss of life, highlighting the protective value of man-
groves in vulnerable coastal zones (Kathiresan and Rajen-
dran, 2005; Alongi, 2008). Additionally, these ecosystems
provide critical habitat for numerous species of fish, birds,
and invertebrates, supporting biodiversity and maintaining
ecological balance (Fig. 2).

Mangroves support local economies by providing tim-
ber, fuelwood, fisheries, and opportunities for tourism and
recreation, all of which are vital sources of income (Nyan-
goko et al., 2022). The sustainable management of man-
grove ecosystems is therefore essential for ensuring the
long-term well-being of both the environment and the peo-
ple who depend on them.

Globally, mangrove cover has experienced a steady de-
cline over the past two decades due to the combined ef-
fects of aquaculture expansion, land-use change, and cli-
mate stressors (Fig. 3). Given the ecological and socioe-
conomic importance of mangroves, their conservation is vi-
tal for maintaining biodiversity and supporting human well-
being in coastal regions (Samal and Dash, 2023). The loss
of mangrove forests can have far-reaching consequences,
including increased coastal erosion, reduced fisheries pro-
duction, and loss of habitat for endangered species. Re-
gional differences in carbon sequestration potential also
underscore the global significance of mangrove conserva-
tion for climate mitigation (Fig. 4). Protecting and restoring
mangrove ecosystems is therefore a critical priority for con-
servation efforts worldwide. This requires a multi-faceted
approach that includes establishing protected areas, imple-
menting sustainable management practices, and engaging
local communities in conservation initiatives. Through the
recognition of mangroves’ ecological significance and coor-
dinated conservation efforts, the sustained delivery of their
vital ecosystem services can be secured for future genera-
tions.
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Fig. 1. Conceptual diagram of Mangrove Stressors.

2 Climate change impacts on mangroves

2.1 Sea level rise and inundation

Sea level rise (SLR) poses a profound and multifaceted
threat to mangrove ecosystems, as illustrated in Fig. 1, by
altering tidal regimes, increasing erosion, and driving salin-
ity intrusions (Lovelock et al., 2017; Duke et al., 2022).
Mangroves are finely adapted to narrow intertidal zones
with species-specific tolerances to inundation duration and
frequency (Ball, 1988; Friess et al., 2012). Disruptions to
these tidal regimes can lead to prolonged waterlogging,
which reduces oxygen availability in the root zone, caus-
ing hypoxic stress and mortality, particularly at the seaward
edges (He et al., 2007). These changes can shift species
composition, favoring flood-tolerant species and reducing
overall ecosystem diversity and function (Gilman et al.,
2007). For example, in the Gulf of Carpentaria, Australia,
extensive dieback of Avicennia marina was observed af-
ter persistent inundation associated with SLR and extreme
weather events (Duke et al., 2017).

Increased flooding also accelerates saltwater intru-
sion into upstream or groundwater-fed freshwater areas,

disrupting soil and porewater salinity regimes that underpin
mangrove physiological processes. Prolonged hypersalin-
ity can inhibit seedling establishment and reduce primary
productivity (Castañeda-Moya et al., 2013), ultimately lead-
ing to declines in biomass and carbon storage potential.

Despite these challenges, mangroves possess inherent
resilience mechanisms, such as vertical surface elevation
gain through sediment accretion and root production, and
the capacity to migrate inland over time (Woodroffe and
Grindrod, 1991; Krauss et al., 2014). However, in many
regions this inland migration is constrained by human in-
frastructure and topographic barriers, leading to a “coastal
squeeze” where mangroves are unable to shift landward
and are gradually lost to the sea (Krauss et al., 2014). For
instance, in parts of the Caribbean and Southeast Asia,
studies have documented mangrove contraction due to ur-
ban encroachment and rising sea levels (Alongi, 2015).

Sea level rise also has implications for blue carbon dy-
namics, as shifting mangrove ranges and changing hy-
drology influence soil carbon processes. As mangroves
colonize new substrates, carbon sequestration rates may
vary depending on sediment type and nutrient availability
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Fig. 2. Ecosystem services provided by mangroves.

Fig. 3. Global Mangrove Cover Change (2000–2020) (Data Source: Global Mangrove Watch).

(Alongi, 2022). Moreover, inundated, anoxic soils can en-
hance microbial production of greenhouse gases such as

methane (CH4) and nitrous oxide (N2O), although flux rates
are highly dependent on redox conditions and microbial
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Fig. 4. Carbon Sequestration Potential of Mangrove Ecosystems by Region (Data Sources: Alongi, 2012; Choudhary
et al., 2024).

community composition (Troxler et al., 2015). These feed-
backs highlight the importance of preserving and restoring
mangrove habitats in areas that allow for both vertical ac-
cretion and inland migration.

Therefore, understanding the ecological consequences
of tidal disruption at species and landscape levels is critical
for predicting mangrove response to SLR. Adaptive strate-
gies should integrate sediment management, land-use
planning, and blue carbon conservation to buffer against
the cascading impacts of sea level rise.

2.2 Altered precipitation regimes and salinity stress

Altered rainfall regimes due to climate change, charac-
terized by more frequent intense rainfall events and pro-
longed dry spells, are exerting complex pressures on man-
grove ecosystems, with region-specific impacts. For in-
stance, South Asia and parts of the Western Indian Ocean,
including the Maldives, are expected to experience erratic
monsoon patterns, with alternating flooding and drought
conditions (IPCC, 2021). Intense rainfall can lead to in-
creased freshwater runoff and reduced salinity in coastal
zones, disrupting the osmotic balance vital for mangrove
physiological functions. In contrast, extended dry peri-
ods reduce freshwater inputs and enhance evaporation,
leading to hypersaline conditions that exceed the tolerance
thresholds of many mangrove species (Sreelekshmi et al.,
2025b).

Extreme salinity stress is particularly pronounced in
semi-arid and low-lying island ecosystems such as the Mal-
dives, where limited freshwater buffering capacity exacer-
bates the effects of drought and sea-level rise (Sreelek-
shmi et al., 2025a). Hypersalinity not only causes osmotic

stress and tissue damage in mangrove trees but also al-
ters soil chemistry, reducing nutrient availability and micro-
bial activity essential for root function. Rising soil salin-
ity can inhibit mangroves’ water uptake and salt exclusion
abilities, leading to symptoms of drought stress (Bompy
et al., 2014), such as leaf loss, branch dieback, and eventu-
ally full tree mortality when salinity exceeds tolerance lim-
its (Lovelock et al., 2009). Fig. 5 illustrates widespread
mangrove dieback observed on Neykurendhoo Island, Mal-
dives, where rising salinity, compounded by reduced pre-
cipitation and groundwater seepage, has led to large-scale
mortality of Bruguiera cylindrica. These impacts are often
more severe in areas already burdened by anthropogenic
stressors, such as pollution or hydrological alterations.

Adaptive management strategies are critical to enhanc-
ing mangrove resilience under increasing salinity extremes.
These include the restoration of tidal flow to prevent stag-
nation, conservation of freshwater inputs through water-
shed protection, and planting of salinity-tolerant mangrove
species in high-risk zones. Long-term monitoring using
salinity loggers and remote sensing can help detect early
signs of dieback and guide intervention efforts. Integrat-
ing climate projections into local management plans is es-
sential for anticipating salinity-related risks and ensuring
the persistence of mangrove ecosystems in vulnerable re-
gions.

2.3 Increased storm intensity and frequency

Tropical cyclones, hurricanes, and typhoons, col-
lectively referred to as intense storm events, pose
a significant threat to mangrove ecosystems, causing
widespread structural damage and ecological disruption
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Fig. 5. Mangrove dieback occurred in the Neykurendhoo island, Maldives, due to climate change (Source: Personal
Collection).

Fig. 6. Drivers of mangrove loss by region (Data Source: FAO, 2023).

(Cahoon et al., 2003). These storms can uproot trees, de-
foliate canopies, and erode sediment, leading to changes
in species composition and forest structure. The degree of

impact depends on multiple factors, including storm track,
wind velocity, radius of maximum wind, and the timing of
storm landfall relative to high tide (Krauss et al., 2005;
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Piou et al., 2006; Zhang et al., 2008). While storm surges
and winds are primarily destructive, storm-induced canopy
gaps may also create opportunities for regeneration or,
conversely, invasion by non-native species. The net eco-
logical outcome often hinges on storm frequency and in-
tensity, and the capacity of mangrove species to regener-
ate.

Recovery of mangrove forests following storm events is
shaped by local environmental conditions. High ground-
water conductivity, often indicative of hypersaline condi-
tions, can inhibit seedling establishment by causing os-
motic stress and reducing water uptake, whereas nutrient-
rich sediments can promote recovery by supporting higher
productivity and growth (Lagomasino et al., 2021). Addi-
tionally, extreme storms may contribute to mangrove re-
silience by depositing large volumes of allochthonous sed-
iments, which enhance soil elevation and counterbalance
sea-level rise (Smith et al., 2009; Smoak et al., 2013). For
instance, Hurricane Wilma deposited up to 56 mm of sed-
iment in Florida mangroves (Whelan et al., 2009). In arid
coastal systems, storms can also deliver critical nutrient
pulses that stimulate productivity (Castañeda-Moya et al.,
2010; Lovelock et al., 2011). The presence of nearby seed
sources and the absence of invasive species further influ-
ence regeneration dynamics.

Understanding the spatial and temporal patterns of
mangrove regeneration is essential for predicting future
responses and guiding conservation strategies. Remote
sensing techniques, such as time-series analysis of satel-
lite imagery, have been instrumental in tracking post-storm
recovery trajectories across different mangrove regions
(Mafi-Gholami et al., 2020). For example, Landsat and
Sentinel data have been used to monitor canopy green-
ness and structural recovery over time, helping identify
areas of persistent degradation versus successful regen-
eration. Incorporating such data into storm impact as-
sessments allows for targeted interventions and enhances
the effectiveness of resilience-building efforts in vulnerable
coastal zones.

3 Anthropogenic drivers of mangrove degradation

3.1 Land conversion and habitat loss

Mangrove ecosystems face intense pressure from
aquaculture, agriculture, and urban development, leading
to widespread habitat loss, degradation, and fragmenta-
tion (Sabdaningsih et al., 2023). Among these drivers,
aquaculture, particularly shrimp farming, stands out as the
leading global cause of mangrove deforestation, account-
ing for a significant proportion of loss, especially in Asia
(Fig. 6). In this region, aquaculture alone contributes over
35% of total mangrove loss, driven by the high economic
value of shrimp exports (Richards and Friess, 2016). The
conversion of mangroves into aquaculture ponds involves

vegetation clearance, altered hydrology, and soil degrada-
tion, leading to habitat loss and reduced ecosystem ser-
vices (Wu et al., 2022). Poorly managed shrimp farms
often result in environmental degradation and eventual
abandonment. However, sustainable alternatives like sil-
vofisheries, which integrate mangrove conservation with
low-impact aquaculture, offer a viable solution (Fitzgerald,
2002; Suyono and Fithor, 2025). By maintaining mangrove
cover within aquaculture systems, silvofisheries support
biodiversity, improve water quality, and provide long-term
benefits to both ecosystems and local communities, en-
couraging mangrove protection through sustainable liveli-
hoods.

Agricultural expansion, including rice cultivation, is an-
other major cause, particularly prominent in Africa, Ocea-
nia, and parts of South America, where subsistence and
commercial farming result in the clearance of mangrove
lands (Hamilton and Casey, 2016). Urban development—
such as port construction, road expansion, and settlement
growth—also exerts pressure, especially in densely popu-
lated coastal regions of North and Central America, where
infrastructure projects often override ecological concerns.

Fig. 6 illustrates the percentage contributions of various
drivers across regions, highlighting the regional variation in
mangrove threats. While aquaculture dominates in Asia,
“other” drivers, including small-scale agriculture, tourism
development, and sand mining, play a greater role in Ocea-
nia and South America. Natural retraction and natural dis-
asters also account for a portion of losses, emphasizing
the complex interplay of both anthropogenic and environ-
mental factors (FAO, 2023).

Historically, mangroves were perceived as “wastelands”
in many regions. For example, during colonial and post-
colonial periods in India and Southeast Asia, mangrove ar-
eas were actively drained and converted for paddy fields,
salt pans, and settlement expansion (Muraleedharan et al.,
2009; Alongi, 2002). Similarly, in parts of Latin America,
mangroves were seen as obstacles to progress, resulting
in policies that encouraged their conversion for commercial
aquaculture (Valiela et al., 2001).

However, there is now growing recognition of the eco-
logical and economic value of mangroves, leading to
policy reforms and conservation-focused land-use plan-
ning. Initiatives such as Integrated Coastal Zone Man-
agement (ICZM) and Payment for Ecosystem Services
(PES) are being implemented in countries like Indonesia,
Bangladesh, and Brazil to balance development and con-
servation goals (Islam et al., 2009; Wever et al., 2012). Le-
gal protections, community-based management schemes,
and participatory restoration efforts are increasingly being
adopted to curb further degradation and ensure sustain-
able use.

By contextualizing both the historical undervaluation
and the emerging policy responses, it becomes clear
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that reversing mangrove loss requires a multifaceted
approach—one that addresses regional drivers, shifts soci-
etal perceptions, and strengthens governance frameworks.

3.2 Pollution and contamination

Mangrove ecosystems are increasingly exposed to pol-
lution from industrial, agricultural, and urban sources, es-
pecially in rapidly developing coastal regions such as
Southeast Asia, West Africa, and India (Alongi, 2002). In-
dustrial effluents introduce heavy metals, hydrocarbons,
and synthetic chemicals, while agricultural runoff adds
pesticides and fertilizers, and urban discharge contributes
sewage and solid waste (Szafranski and Granek, 2023).
These pollutants disrupt ecological balance, degrade habi-
tat quality, and impair the ecosystem services mangroves
provide. In the Cochin estuary (India), for instance, el-
evated levels of lead, cadmium, and zinc have been
detected in mangrove sediments near industrial zones
(Joseph et al., 2019; Sreelekshmi et al., 2023).

Non-degradable pollutants such as mercury, cadmium,
and lead can persist in mangrove soils and interfere with
biogeochemical processes, including nutrient cycling and
microbial decomposition (Sivan et al., 2025). These met-
als may be taken up by mangrove flora and fauna, lead-
ing to bioaccumulation and biomagnification within food
webs. Climate change further exacerbates these threats:
sea level rise and saline intrusion alter redox conditions
and ionic strength in soils, mobilizing bound metals and in-
creasing their solubility and toxicity (Lacerda et al., 2022).
Such processes have been observed in heavily polluted ar-
eas like the Niger Delta and Jakarta Bay, where sediment
erosion and salinity changes intensify contaminant spread
and ecological stress.

To mitigate these impacts, various management strate-
gies are being adopted. These include source reduction
through improved wastewater regulation, phytoremediation
using metal-accumulating mangrove species, and the use
of constructed wetlands to treat aquaculture effluents, as
practiced in Vietnam (That and Hoang, 2024). However,
further site-specific research is needed to understand pol-
lutant dynamics and optimize interventions under changing
climatic conditions.

3.3 Resource exploitation and unsustainable practices

Unsustainable timber harvesting and charcoal produc-
tion are significant drivers of mangrove degradation, par-
ticularly in low- and middle-income countries where these
resources are integral to local livelihoods (Nyangoko et al.,
2022). Socio-economic factors such as poverty, lack of ac-
cess to alternative energy sources, and limited livelihood
options often drive overexploitation. In regions like West
Africa and Southeast Asia, clear-cutting and selective log-
ging are common due to weak enforcement of forestry

regulations and high market demand (Walters et al., 2008).
These practices disrupt forest structure, reduce biodiver-
sity, and impair critical services such as shoreline stabiliza-
tion and carbon sequestration.

Salt extraction and tourism also pose significant threats
when not properly managed. In parts of South Asia and
East Africa, traditional salt production involves converting
mangrove wetlands into salt pans, altering hydrological and
salinity regimes (Akram et al., 2023). Similarly, unregu-
lated coastal tourism, marked by the construction of re-
sorts and associated infrastructure, can lead to direct habi-
tat loss and pollution. While sustainable alternatives such
as community-based ecotourism and solar salt extraction
exist, their implementation faces challenges, including lim-
ited technical capacity, insufficient incentives, and lack of
institutional support (Alongi, 2002).

Effective governance plays a crucial role in mitigating
these pressures. Community forestry programs in coun-
tries like Kenya and Bangladesh have shown promise by
involving local stakeholders in mangrove stewardship (Fa-
toyinbo et al., 2017). However, many regions still suffer
from inadequate regulatory frameworks, poor monitoring,
and inconsistent law enforcement, allowing illegal harvest-
ing and unregulated development to persist (Walters et al.,
2008). Strengthening legal mechanisms, providing eco-
nomic alternatives, and investing in education and commu-
nity engagement are essential for promoting sustainable
resource use and long-term mangrove conservation.

4 Social-ecological dynamics of Mangrove Ecosys-
tems

4.1 Traditional knowledge and local communities

Indigenous and traditional communities across the
globe, such as the Orang Laut in Southeast Asia, the
Quilombola communities in Brazil, and coastal fisherfolk
in India and Sri Lanka, have historically coexisted with
mangrove ecosystems, developing sustainable practices
that support both ecological integrity and human well-
being. These groups have relied on mangroves for fish-
eries, medicinal plants, timber, and storm protection, while
simultaneously managing these resources through cus-
tomary practices, spiritual beliefs, and informal governance
systems. Their deep ecological knowledge, passed orally
through generations, encompasses species behavior, sea-
sonal patterns, and sustainable harvesting techniques,
forming an essential foundation for long-term ecosystem
stewardship (Blaser, 2016; Chamberland-Fontaine et al.,
2022).

In several regions, the integration of traditional knowl-
edge into mangrove conservation has yielded tangible re-
sults. For example, in Micronesia, customary land tenure
and traditional ecological practices have been incorpo-
rated into community-based mangrove restoration projects,

136



Sreelekshmi, Bijoy Nandan Habitable Planet, 2025, 1(1&2):129–144

leading to improved mangrove survival and enhanced com-
munity ownership (Falanruw, 1994; Shepherd et al., 2008).
Similarly, in parts of Brazil, participatory mapping and co-
management strategies involving Quilombola communities
have helped to protect mangrove areas while securing
land rights and cultural heritage (Ferreira et al., 2022).
These cases demonstrate how blending traditional knowl-
edge with scientific and policy frameworks can foster more
resilient, culturally appropriate, and inclusive conservation
outcomes.

However, traditional populations continue to face grow-
ing pressures from industrial-scale aquaculture, tourism
expansion, agricultural conversion, and urban encroach-
ment. These drivers not only lead to the degradation of
mangrove habitats but also contribute to the displacement
of traditional communities from their ancestral territories
(Ferreira et al., 2022). Such displacement results in the
erosion of cultural identity, traditional livelihoods, and eco-
logical knowledge, factors that are critical for the continu-
ity of sustainable mangrove use and management (Walters
et al., 2008).

The marginalization and loss of traditional knowledge
can severely undermine conservation efforts, as it removes
locally adapted practices and weakens community engage-
ment. To counter this, it is vital to recognize traditional
rights, support community land tenure, and actively in-
volve local knowledge holders in conservation planning and
restoration activities (Ferreira et al., 2022). Bridging tra-
ditional and scientific knowledge systems can strengthen
the social foundations of mangrove governance and con-
tribute to more effective, equitable, and enduring conser-
vation strategies.

4.2 Governance and management challenges

Unclear property rights and overlapping authority
among government agencies, communities, and private
stakeholders can create governance vacuums, leading to
conflicts and poor enforcement of conservation measures.
This fragmentation hinders effective mangrove manage-
ment, as it reduces accountability and diminishes incen-
tives for long-term stewardship (Lugo et al., 2014). When
land tenure is ambiguous, communities are less likely to
invest in sustainable practices or resist encroachment, re-
sulting in unchecked degradation of mangrove ecosystems.

As illustrated in Fig. 7, mangrove conservation is em-
bedded within a complex socio-ecological system where
economic drivers, social pressures, and environmental
feedbacks interact dynamically. For example, economic ac-
tivities can exert anthropogenic pressures on mangroves,
while the degradation of mangrove ecosystems under-
mines the ecosystem services, such as coastal protection
and fisheries support, that society and the economy rely
upon (Bhowmik et al., 2022). Governance structures that
fail to account for these interlinkages are unlikely to achieve

lasting conservation outcomes.
Effective governance, therefore, must be inclusive and

adaptive, incorporating the perspectives of local commu-
nities, government institutions, and civil society organi-
zations. Participatory approaches foster legitimacy and
ensure that conservation policies align with local reali-
ties (Reed, 2008). Adaptive decision-making mechanisms,
based on continuous learning and feedback, are essential
to respond to dynamic environmental and socio-economic
conditions.

Market-based instruments such as payments for
ecosystem services (PES) and carbon credit schemes
have been proposed to align economic incentives with con-
servation goals. These tools can help correct market fail-
ures that arise when the ecological value of mangroves,
such as carbon storage, flood protection, or biodiversity
habitat, is not reflected in economic decisions (Pham et al.,
2022). For instance, PES schemes can reward landowners
or communities for conserving mangrove cover, while par-
ticipation in voluntary or regulated carbon markets allows
them to monetize carbon sequestration benefits (Wylie
et al., 2016).

However, these approaches come with challenges. Ver-
ification of ecological outcomes, such as carbon storage
or biodiversity gains, can be technically demanding and
costly. Additionally, there is a risk of inequitable benefit dis-
tribution, where more powerful actors capture a dispropor-
tionate share of economic rewards, marginalizing the very
communities responsible for on-the-ground conservation.
Furthermore, the commodification of ecosystem services
may shift the focus from intrinsic ecological and cultural
values toward purely economic metrics, potentially under-
mining long-term sustainability and social equity (López-
Maldonado and Sánchez-Delgado, 2021).

In summary, while economic incentives and market-
based mechanisms can play a valuable role in mangrove
conservation, their design and implementation must be ac-
companied by robust governance frameworks that ensure
equity, accountability, and ecological integrity.

4.3 Social pressures and community-level impacts

Mangrove degradation exerts a wide range of tangible
impacts on local communities, including loss of livelihoods,
declining fishery resources, food insecurity, increased vul-
nerability to coastal hazards, and erosion of cultural and
traditional practices. These socio-economic and cultural
effects are not merely abstract concerns, they are lived ex-
periences that can galvanize local and global support for
mangrove conservation. Narratives that document these
community-level impacts provide critical insights into the
human dimensions of mangrove degradation, helping to
foster a sense of urgency and engagement among pol-
icymakers, practitioners, and the public (Hagger et al.,
2022). For instance, in coastal regions of Indonesia and
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Fig. 7. Vulnerability-Resilience Framework.

Fig. 8. Restoration Strategies by Success Rate and Area Restored (Data Sources: Kairo et al., 2001; Lewis, 2005;
Romañach et al., 2018).

Bangladesh, studies have shown that mangrove loss has
led to reduced availability of timber and fish, directly af-

fecting subsistence livelihoods and traditional resource-use
patterns (Iftekhar and Takama, 2008).
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Despite their importance, such community-based ac-
counts are often underrepresented in mangrove research.
Only a few studies have explicitly explored the social pres-
sures that contribute to mangrove degradation, such as
land tenure insecurity, migration pressures, and weak en-
forcement of conservation regulations. Moreover, the con-
cept of critical thresholds, points beyond which ecosys-
tem degradation leads to irreversible damage, is rarely
examined in relation to the socio-economic resilience of
mangrove-dependent communities (Cruz Portorreal et al.,
2024). This knowledge gap constrains our ability to design
integrative conservation strategies that are both ecologi-
cally and socially sustainable.

Addressing these social dimensions requires a par-
ticipatory approach to conservation, one that actively in-
volves local communities in planning, monitoring, and
decision-making processes. Successful examples include
community-based mangrove management in Micronesia,
where customary land ownership and traditional knowl-
edge have been integrated into restoration planning, lead-
ing to higher survival rates of planted mangroves and im-
proved community buy-in (Wylie et al., 2016). Similarly, al-
ternative livelihood programs, such as eco-tourism in Thai-
land or sustainable crab farming in India, have shown po-
tential in reducing dependence on mangrove resources
while providing economic resilience (Walton and Wood,
2019). Mangrove ecosystems offer unique opportunities for
ecotourism, such as guided boat tours, bird watching, and
educational trails that showcase biodiversity and ecosys-
tem services. Promoting sustainable mangrove tourism
can generate income for local communities while incen-
tivizing conservation efforts by both residents and govern-
ment authorities. However, the success of such initiatives
depends heavily on local context, governance structures,
and long-term support mechanisms (Moussa et al., 2024).

Incorporating local voices and addressing the socio-
economic drivers of mangrove degradation are essential
for crafting effective and equitable conservation strategies
(Zimmer et al., 2022). A deeper understanding of these
pressures, and how they intersect with ecological change,
will help safeguard both mangrove ecosystems and the
communities whose well-being is intricately tied to them.

5 Restoration and conservation

5.1 Challenges in mangrove restoration efforts

Despite notable successes in mangrove restoration,
failure rates in some regions have remained alarmingly
high, up to 80% in certain parts of Southeast Asia and
East Africa, primarily due to inadequate understanding and
implementation of ecological best practices (Lewis, 2005).
For instance, restoration efforts in parts of the Philippines
and Kenya have failed when mangroves were planted on
mudflats or seagrass beds that lacked suitable hydrologi-

cal conditions (Kairo et al., 2001). Common pitfalls include
unrealistic project goals, insufficient site assessments, lim-
ited stakeholder engagement, and planting in ecologically
unsuitable areas without addressing foundational factors
such as tidal hydrology, sediment stability, and nutrient
availability.

Mangrove restoration holds enormous potential as a
nature-based solution for climate change mitigation, bio-
diversity conservation, and coastal resilience (Table 1).
Projects like the Mikoko Pamoja initiative in Kenya and
large-scale efforts in the Mekong Delta demonstrate how
community-led, science-based restoration can deliver both
ecological and social benefits (Wylie et al., 2016). How-
ever, despite these promising examples, large-scale in-
vestments and expansion remain limited due to concerns
over cost-effectiveness, long-term success, and gover-
nance risks. The effectiveness of restoration efforts varies
considerably by strategy, with natural regeneration and hy-
drological restoration often achieving higher success rates
than conventional planting (Fig. 8).

The encouraging reality is that, scientifically grounded
and equitable restoration strategies, such as Ecological
Mangrove Restoration (EMR), have existed for decades.
These approaches emphasize natural regeneration
through hydrological restoration and stakeholder partici-
pation (Ellison et al., 2020). Yet, broader adoption is ham-
pered by persistent gaps in technical capacity, funding, and
cross-sectoral knowledge sharing. Bridging these gaps is
critical to unlocking the full potential of mangrove restora-
tion as a transformative climate and conservation solution.

5.2 Global collaborations and initiatives for mangrove con-
servation

In recent years, there has been an unprecedented
increase in public and private sector efforts to restore
degraded mangrove ecosystems and protect remaining
stands. A growing coalition of governments, NGOs, and
private actors is aligning under initiatives such as the Man-
grove Breakthrough, which aims to secure the restora-
tion of 15 million hectares and the protection of existing
mangroves by 2030 through coordinated policy advocacy
and investment mobilization. This initiative builds on the
momentum generated by the Global Mangrove Alliance
(GMA), launched in 2018 by leading conservation orga-
nizations including the IUCN, WWF, Conservation Inter-
national, Wetlands International, and The Nature Conser-
vancy (Jia et al., 2023). While the Mangrove Breakthrough
emphasizes high-level policy commitments and financing
frameworks, the GMA focuses on data-driven restoration,
cross-sector collaboration, and country-level implementa-
tion strategies.

These efforts are supported by multilateral environ-
mental agreements such as the Ramsar Convention, the
Convention on Biological Diversity (CBD), and the World
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Component Key elements Examples

Ecological Species diversity, hydrological connectivity, sed-
iment dynamics

Restoring tidal flows, species mix planting

Social Community involvement, traditional knowledge,
land tenure

Co-management, participatory monitoring

Economic Sustainable livelihoods, blue carbon markets,
eco-tourism

Carbon credits, mangrove ecotourism ventures

Institutional Policies, governance frameworks, enforcement
mechanisms

Coastal zone acts, marine protected areas

Technological Monitoring tools, GIS, early warning systems Remote sensing, AI-based risk prediction

Table 1. Integrated Framework for Enhancing Mangrove Resilience.

Heritage Convention, which have helped mainstream man-
grove conservation into national planning and created legal
protections across 302 Ramsar sites and 23 World Her-
itage sites as of March 2023 (Friess et al., 2019). However,
the effectiveness of these frameworks varies widely by re-
gion. While some countries have successfully integrated
mangrove targets into their National Biodiversity Strategies
and Action Plans (NBSAPs), others face difficulties due to
limited capacity, funding constraints, and governance frag-
mentation.

Despite these advances, global mangrove conservation
is not without challenges. Many initiatives still struggle
with coordination among stakeholders, long-term financ-
ing mechanisms, and the equitable inclusion of Indige-
nous peoples and local communities in decision-making
processes. Additionally, the monitoring of restoration out-
comes remains inconsistent, with gaps in evaluating long-
term ecological success and social benefits (Friess et al.,
2016). While mangroves are now among the most for-
mally protected ecosystems globally, their continued sur-
vival depends not just on the number of policies or pro-
tected areas, but on sustained, inclusive, and adaptive
management at local and regional scales (https://www.
mangrovealliance.org/mangrove-forests/).

5.3 Technological innovations in mangrove restoration

Mangrove restoration is undergoing a transformation
through the integration of emerging technologies, includ-
ing drones, AI-powered software, and automated seed-
ing mechanisms, which complement and, in some cases,
enhance traditional labor-intensive methods. When com-
bined with ecological expertise, these technologies en-
able scalable, data-driven interventions that support effi-
cient and targeted restoration efforts. For example, AI-
driven tools and robotics facilitate high-resolution map-
ping, site-specific seed dispersal, and continuous ecosys-
tem monitoring, helping minimize disturbance while max-
imizing restoration success. During the mapping phase,

drones and remote sensors collect extensive environmen-
tal data, such as topography, hydrology, soil salinity, and
canopy density, to guide precision interventions. Advanced
drones equipped with adaptive trajectory algorithms can
deploy propagules or seeds with remarkable accuracy, op-
timizing resource use and labor (https://www.dendra.io/
mangrove-restoration).

Moreover, sensor networks including weather stations,
camera traps, and drone-based imagery are increasingly
being used to monitor mangrove health and environmental
conditions. These tools capture dynamic parameters like
air and sea surface temperatures, salinity, tidal variations,
and faunal presence. AI can analyze these datasets to
identify long-term patterns related to carbon sequestration,
post-disturbance recovery, and species resilience, thereby
informing adaptive management strategies and improving
restoration outcomes. Despite these advances, challenges
remain. The high cost of deploying and maintaining such
technologies, potential ecological disturbance caused by
drones (e.g., noise affecting wildlife), and the risk of over-
reliance on automated systems without sufficient local in-
volvement must be carefully managed (Getzin et al., 2012).
Furthermore, while promising pilot programs have been im-
plemented in countries like the UAE, Indonesia, and Mex-
ico, large-scale adoption of these technologies is still lim-
ited, and success often hinges on local context, technical
capacity, and community engagement. Thus, while tech-
nology holds great potential as a tool for mangrove restora-
tion, it should complement, not replace, community-based
and ecologically grounded approaches.

5.4 Remote sensing and global policy integration for con-
servation

Recent advancements in remote sensing technologies
have significantly enhanced mangrove conservation efforts
by enabling precise monitoring of forest health, detecting
deforestation or degradation, and evaluating the success of
restoration initiatives (Wang et al., 2023). These data prod-
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ucts, such as high-resolution satellite imagery, LIDAR, and
synthetic aperture radar, support evidence-based decision-
making and provide critical spatial insights for national re-
porting and policy design. For instance, remote sensing
datasets contribute to global initiatives by tracking changes
in mangrove cover, assessing carbon stocks, and identi-
fying areas of high conservation value. This information
directly feeds into the implementation and monitoring of in-
ternational frameworks, including the UN Sustainable De-
velopment Goals (SDGs 1, 2, 6, 13, 14, and 15), the UN
Framework Convention on Climate Change, the Conven-
tion on Biological Diversity, the Ramsar Convention, the
Sendai Framework for Disaster Risk Reduction, and the
Bonn Challenge, among others (Worthington et al., 2020).

Effective mangrove management and restoration re-
quire coordinated efforts among national, regional, and
local governments, alongside the meaningful participa-
tion of local communities (Romañach et al., 2018). Yet,
persistent challenges, such as limited financial resources
and weak enforcement mechanisms, often hinder com-
munity engagement in co-management (Friess et al.,
2019). Incentive-based approaches, including payment for
ecosystem services and livelihood diversification through
micro-enterprises, especially those led by women, have
demonstrated positive outcomes for both conservation and
socioeconomic development (Begum et al., 2021).

6 Conclusions and prospects for mangrove sustain-
ability

The sustainability of mangrove ecosystems in the An-
thropocene hinges not only on understanding the individual
impacts of climate change, pollution, and land-use change,
as discussed in previous sections, but on addressing their
cumulative and interconnected nature. Mangroves face
layered and regionally varied threats, yet they also exhibit
remarkable ecological resilience when supported by ap-
propriate social, economic, and governance frameworks.
Ensuring their long-term sustainability requires integrat-
ing these diverse dimensions into a cohesive management
and restoration strategy.

A key opportunity lies in the growing global recognition
of mangroves’ value as nature-based solutions for climate
mitigation, disaster risk reduction, and livelihood secu-
rity. Advances in ecological restoration science, traditional
knowledge integration, technological tools (e.g., remote
sensing, AI-assisted monitoring), and community-based
governance models have already demonstrated success
across multiple regions. These innovations must now be
scaled, adapted to local contexts, and supported by cross-
sectoral partnerships. Initiatives such as the Mangrove
Breakthrough and Global Mangrove Alliance offer promis-
ing platforms to unify political will, scientific evidence, and
financial investment toward this goal.

Looking ahead, the path to mangrove sustainability lies
in coupling ecological restoration with socioeconomic eq-
uity, empowering frontline communities, and embedding
adaptive management into coastal governance. Sustained
success will depend on translating research into action, se-
curing inclusive policy frameworks, and reinforcing man-
grove conservation as both an ecological imperative and a
societal investment.
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Waterfield, T., Yelekçi, O., Yu, R., Zhou, B. (Eds.), Climate Change
2021: The Physical Science Basis. Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on Cli-
mate Change. Cambridge University Press, Cambridge, UK and New
York. doi:10.1017/9781009157896.

Islam, K.S., Xue, X.-z., Rahman, M.M., 2009. Successful Integrated
Coastal Zone Management (ICZM) program model of a developing
country (Xiamen, China)–implementation in Bangladesh perspective.
Journal of Wetlands Ecology, 2(1), 35–41. doi:10.3126/jowe.v2i1.
1854.

Jia, M., Wang, Z., Luo, L., Zhang, R., Zhang, H., 2023. Global status of
mangrove forests in resisting cyclone and tsunami. Innovation Geo-
science 1, 100024. doi:10.59717/j.xinn-geo.2023.100024.

Joseph, P., Bijoy Nandan, S., Adarsh, K.J., Anu, P.R., Varghese, R.,
Sreelekshmi, S., Preethy, C.M., Jayachandran, P.R., Joseph, K.J.,
2019. Heavy metal contamination in representative surface sediments
of mangrove habitats of Cochin, Southern India. Environmental Earth
Sciences 78, 490. doi:10.1007/s12665019-8499-2.

142

http://dx.doi.org/10.3390/f13020149
http://dx.doi.org/10.3390/f13020149
http://dx.doi.org/10.1016/j.rineng.2024.101765
http://dx.doi.org/10.1016/j.rineng.2024.101765
http://dx.doi.org/10.1007/BF00196018
http://dx.doi.org/10.1016/j.jenvman.2021.113504
http://dx.doi.org/10.1016/j.jenvman.2021.113504
http://dx.doi.org/10.3390/su14084433
http://dx.doi.org/10.1007/s11104-014-2100-2
http://dx.doi.org/10.1046/j.1365-2745.2003.00841.x
http://dx.doi.org/10.1016/j.foreco.2013.07.011
http://dx.doi.org/10.1007/s12237-009-9242-0
http://dx.doi.org/10.1016/j.tfp.2022.100274
http://dx.doi.org/10.1016/j.seares.2024.102504
http://dx.doi.org/10.1016/j.seares.2024.102504
http://dx.doi.org/10.3390/w16172495
http://dx.doi.org/10.1071/MF16322
http://dx.doi.org/10.1371/journal.pclm.0000037
http://dx.doi.org/10.1371/journal.pclm.0000037
http://dx.doi.org/10.3389/fmars.2020.00327
http://dx.doi.org/10.4060/cc8166en
http://dx.doi.org/10.1007/s00267-017-0933-2
http://dx.doi.org/10.3390/su14031263
http://dx.doi.org/10.3390/su14031263
http://dx.doi.org/10.1002/9780470995051.ch8
http://dx.doi.org/10.1002/9780470995051.ch8
http://dx.doi.org/10.1111/j.1469-185X.2011.00198.x
http://dx.doi.org/10.1146/annurev-environ-101718-033302
http://dx.doi.org/10.1146/annurev-environ-101718-033302
http://dx.doi.org/10.1111/cobi.12784
http://dx.doi.org/10.1111/j.2041-210X.2011.00158.x
http://dx.doi.org/10.1111/j.2041-210X.2011.00158.x
http://dx.doi.org/10.1007/s10661-006-9212-y
http://dx.doi.org/10.1038/s41467-022-33962-x
http://dx.doi.org/10.1111/geb.12449
http://dx.doi.org/10.1016/j.ecss.2007.04.018
http://dx.doi.org/10.1007/s11273-007-9066-z
http://dx.doi.org/10.1007/s11273-007-9066-z
http://dx.doi.org/10.1017/9781009157896
http://dx.doi.org/10.3126/jowe.v2i1.1854
http://dx.doi.org/10.3126/jowe.v2i1.1854
http://dx.doi.org/10.59717/j.xinn-geo.2023.100024
http://dx.doi.org/10.1007/s12665 019-8499-2


Sreelekshmi, Bijoy Nandan Habitable Planet, 2025, 1(1&2):129–144

Kairo, J.G., Dahdouh-Guebas, F., Bosire, J. et al., 2001. Restora-
tion and management of mangrove systems—a lesson for and from
East African region. South African Journal of Botany 67, 383–389.
doi:10.1016/S0254-6299(15)31153-4.

Kathiresan, K., Rajendran, N., 2005. Coastal mangrove forests miti-
gated tsunami, Estuarine. Coastal and Shelf Science 65(3), 601–606.
doi:10.1016/j.ecss.2005.06.022.

Krauss, K.W., McKee, K.L., Lovelock, C.E., Cahoon, D.R., Saintilan, N. et
al., 2014. How mangrove forests adjust to rising sea level. New Phy
tologist 202, 19–34. doi:10.1111/nph.12605.

Krauss, K., Twilley, R., Smith, T.J. III, Whelan, K., 2005. Woody de-
bris in the mangrove forests of south Florida. Biotropica 37, 9–15.
doi:10.1111/j.1744-7429.2005.03058.x.

Lacerda, L.D.D., Ward, R.D., Borges, R., Ferreira, A.C., 2022. Mangrove
trace metal biogeochemistry response to global climate change. Fron-
tiers in Forests and Global Change 5, 717992. doi:10.3389/ffgc.
2022.817992.

Lagomasino, D., Fatoyinbo, T., Castañeda-Moya, E. et al., 2021. Storm
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