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Three decades of global mangrove conservation
- An overview
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Abstract: The ecosystem services offered by mangroves have made their protection critical.
Last three decades of mangrove conservation are often relied on legal protection of existing
mangroves and massive restoration/rehabilitation of degraded/reclaimed areas. Legislative
protection measures are based on declaration of protected areas and descriptive regulatory
measures in the form of acts or laws, whereas restoration/rehabilitation efforts are often based
on mono-specific plantation. Despite various legislative protections, habitat conversion is still
continuing, and ecological health of existing mangrove areas are degrading. Furthermore, the
massive restoration/rehabilitation efforts could not offset for the continual destruction of
established forests, but only short-term increase in area. This calls for evaluating effectiveness
of the existing conservation measures and then formulating better management measures in
the context of increasing pressures and threats. Land conversion and ecological degradation of
coastal wetlands are the primary stressors, associated with rapid coastal developmental
activities and climate change. Mangroves require desired habitat niche and hence, their
conversion to other land uses may lead to permanent loss, whereas ecologically degraded
areas may be resilient if supported by effective rehabilitation measures. Hence, preventing the
habitat conversion and preserving the ecological health are the need of the hour to safeguard
the existing mangroves and sustain the ecosystem services offered by them. Better ecological
conditions also support the adaptive potential of mangroves (viz., the ability of populations or
species to adapt to rapid environmental changes with minimal disruption) to cope with the
climate change. Since mangroves are flow-through system, preserving the hydrological
connectivity of existing mangroves, facilitating the connectivity between adjacent ecosystems
and protecting the natural corridors are the potential strategies to enhance the ecological health
of mangroves. This can be achieved by an effective site-specific, long-term and integrated
ecosystem-based protection, management and rehabilitation strategy with sound scientific
knowledge and drastic legislative measures to regularize the coastal developmental activities.
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INTRODUCTION
Mangrove forests provide valuable ecosystem services, making their protection critical
(Huxham et al., 2017; Romañacha et al., 2018; Friess et al., 2020). The recent slowdown in
average rate of loss or even an increase in cover, partly being feigned by changing methods in
quantifying the mangrove areas in global-scale remote-sensing studies (Giri et al., 2011;
Bunting et al., 2018) is often attributed to conservation measures in the past decades.
However, mangroves still experience an annual loss of 0.2–0.7% between 2000 and 2012, and
remain the most threatened ecosystem of the world (Hamilton and Casey, 2016). Mangroves
have the ability to cope up with short-term oscillations and long-term fluctuations of climatic
conditions, but the uncontrolled upstream developmental activities and consequences of
global climate change, such as increased extreme events, will have unprecedented effects on
biota and threaten the resilience and recovery potential of ecosystems (Harris et al., 2018,
Sippo et al., 2018). The recent massive mangrove dieback in Gulf of Carpentaria, Australia,
for instance, is considered to be an impact of climate change-induced extreme weather events
(Duke et al., 2017; Lovelock et al., 2017). Environmental pollution, especially the discharge
of heavy metals and organic wastes, is also reported to have severe impacts on mangrove
health (Bhattacharya et al., 2003; Agoramoorthy et al., 2007; Vane et al., 2009; Remani et al.,
2010; Bala Krishna Prasad, 2012; Chowdhury et al., 2017a, b). Further, disease and pest
impacts (Kathiresan, 2002; Osorio et al., 2006, Kathiresan et al., 2020) and seaquake-induced
tsunamis have also threatened the mangrove ecosystems (Doyle et al., 1995; Roy and
Krishnan, 2005; Sippo et al., 2018;). Thus, health and integrity of existing mangroves are
continuously degrading due to increasing anthropogenic activities and global climate change
(Feller et al., 2017; Thomas et al., 2017). This calls for evaluating the effectiveness of existing
conservation measures and formulating the better management measures with sound scientific
understanding of mangroves.
MATERIALS AND METHODS
A critical appraisal on effectiveness of existing conservation measures and betterment
which is required for ensuring the sustainability of global mangroves is presented here
based on a review of the recent published literature, Government information from articles
and official websites and comparative studies of mangrove restoration/rehabilitation
initiatives. This work does not attempt to review in detail all existing measures of mangrove
conservation; instead, it intends to organize and update current situation, examples and
possibilities of successful management and multiple factors involved in the mangrove
management. It points out the shortcomings, suggests remedial measures and highlights the
need for consideration of scientific information available for restructuring the existing
measures and formulation of policies and programmes in the context of adaptive
ecosystem-based management.
EFFECTIVENESS OF EXISTING CONSERVATION MEASURES
Legislative protection of existing mangroves and massive restoration/rehabilitation of
degraded mangroves are the measures suggested for improving the mangrove management
in many countries (Lewis et al., 2016, Figure 1).
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Figure 1. Schematic representation of effectiveness of existing conservation

Legislative measures
Legislative protection of mangroves often relies on declaration of protected areas and
descriptive regulatory measures in the form of acts or laws. The laws are either not strictly
enforced or remaining as paper policy in many countries (Duke, 2007; Amir, 2018;
Castellanos-Galindo, 2017). In addition, many existing legislative arrangements for
mangrove conservation are not yet full proof and also contradictory in nature. In one hand,
many local governments promote developmental activities in coastal areas; on the contrary,
mangrove conservation is also simultaneously prioritized (DasGupta and Shaw, 2013).
Thus, malpractices, such as encroachment of virgin mangroves, illegal logging, poaching of
wildlife, or using banned and destructive fishing practices, e.g., poison- and fine-meshed
nets and catching undersized specimens, are still common in mangrove forests of many
countries (Islam et al., 2018), where economic resource objectives at the regional level
conflict with broader national obligations for habitat conservation (Friess et al., 2016). It is
pertinent to note that weak enforcements of legal measures and improper monitoring are the
major drawbacks in conservation and restoration initiatives in South and Southeast Asia
(DasGupta and Shaw, 2013). Country like India has a very strong legislative arrangement
towards conservation of mangroves; however, significant progress has not been made in the
field due to practical difficulties in the implementation process.
An important critical issue in implementation of legislative measure is the lack of
public participation, particularly local coastal communities. One of the reasons may be that
most of the existing legislative measures and policies are based on global generalization of
the given ecosystem to be conserved, while structure, function, services and response of
coastal ecosystems to climate change are highly site-specific. Furthermore, climate change
and regional peculiarities are not generally considered in policy making. Thus, the first
regulatory measure of conservation would be the restriction of the activities of local
communities. Hence, implementation of the conservation measures often creates conflict
with local communities and remains ineffective without public participation. In addition,
very complex and tedious bureaucracy also diminish the success of conservation and
development policies. Forest Departments have been widely blamed for the failure of forest
conservation efforts. But the causes for disappointing performance of forest departments
were often little explained and no efforts have been taken to address the
problem. Recently, Fleischman (2016) has highlighted that the behaviour of forest officials
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plays a key role in the outcome of conservation and development programmes. However,
substantial knowledge gap and little attention on implementation process while policy making
causes the differential behaviour of forest officials and thereby affecting the success of
conservation endeavours (Fleischman, 2016). Consequently, pressures on mangrove ecosystems
are still ubiquitous and persistent, and the best endeavors of conservation fail frequently.
Protected areas
Early conservation measures of natural ecosystems, including mangroves, relied on the
establishment of protected areas (PAs) at largely undisturbed sites, and this approach is still
dominant ideology even today (Mace, 2014). Worldwide there are about 2,500 protected
areas that include mangrove forests within their boundaries, which represent over 39%
(around 54,000 km2; Table 1) of world’s remaining mangroves; 34 countries have placed
more than half of their mangroves under such protection (Worthington and Spalding, 2019;
IUCN and UNEP-WCMC 2019; Table 2). The extensive coverage of mangroves by protected
areas represents a strong positive trend in coastal conservation. However, Southeast Asia
-a hot spot of mangroves in terms of area cover, species diversity and deforestation rate, has
only 20% area under protection (Table 1). Particularly countries like Indonesia, with the
largest mangrove extent in the world, has only 24% of its mangroves within the protected
areas, while Nigeria, Myanmar, Malaysia and Papua New Guinea have only between 2%
and 5% of their mangroves incorporated into protected areas, ranking among the lowest
coverages of any mangrove nations (Worthington and Spalding, 2019). Furthermore, many
of these PAs are poorly designed or poorly enforced due to inadequate manpower, lack of
infrastructure facilities and absence of formal management plans (Singh, 2003; Lavieren
et al., 2012, Leverington et al., 2010), and some PAs fail to prevent mangrove loss and
degradation within their ranges (Lavieren et al., 2012; Almeida et al., 2016).
Recently it has been estimated that rate of mangrove degradation in the protected
areas is 0.57%, and about 6% of mangrove areas have been lost since 1996 within protected
areas, at a lower rate than outside protected areas (7.1%), but not significantly different
(Worthington and Spalding, 2019; Table 1). Thus, the effectiveness of PAs with respect to
ecological and/or socio-economic factors is debatable (Bennett and Dearden, 2014), and
most of the PAs lack both clear aims and long-term biological data to evaluate the
management effectiveness (Addison et al., 2015). Furthermore, the ecosystem connectivity
and climate change considerations are often lacking in the PAs of coastal and marine
environments (McLeod et al., 2009; Magris et al., 2014). Protected areas prevent some
drivers of degradation, such as unsustainable timber extraction. However, other drivers of
degradation, such as upstream water abstraction or changes to sediment supplies, cannot be
influenced when they occur beyond the protected area boundaries (Worthington and
Spalding, 2019). So, considering the hydrological and ecosystem connectivity is imperative
to minimize the ecological degradation within the protected areas.
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Table 1. Statistics of global mangroves (net loss and gain, protected areas, restorable areas and degraded areas.)
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Table 2. Protected areas of mangroves in selected countries

Country

Australia
Bangladesh
Brazil
Cameroon
Colombia
Cuba
Dominican Republic
El Salvador
French Guiana
Gabon
India
Indonesia
Iran
Mexico
Mozambique
Nicaragua
Tanzania
United States
Venezuela

Area of
2016
mangrove
protected
(km2)
4,528
3,780
9,419
1,077
1,054
1,764
154
283
350
919
1,381
6,529
77
6,072
1,750
653
935
1,707
1,404

Proportion
protected

46.6%
91.9%
85.9%
47.3%
46.5%
52.3%
81.6%
86.3%
70.9%
54.4%
39.8%
24.2%
98.3%
62.3%
59.5%
74.5%
80.0%
90.4%
50.0%

(Source : Worthington and Spalding 2019)

Restoration/Rehabilitation
In the last three decades, massive efforts were globally made to restore/rehabilitate degraded
mangrove areas. Incorporation of mangroves into engineered hard coastal defence structures,
monoculture plantations and “ecological mangrove restoration” (EMR) approaches are
common methods of mangrove restoration/rehabilitation (Ellison et al. 2020). However,
despite of existing guidance for successful restoration/rehabilitation effort (Lewis and Brown,
2014), most of the mangrove restoration/rehabilitation efforts are not successful and successful
cases are rare (Stubbs and Saenger, 2002; Lewis et al., 2005; Bosire et al., 2008; Rey et al.,
2012; Dale et al., 2014; Brown et al., 2014 a; Brown et al., 2014b; Begam et al., 2017).
Since commercial aquaculture activities are the major cause for the loss mangroves
worldwide, many restoration/rehabilitations have been undertaken in the sites where shrimp
farming or aquaculture activities were abandoned. In such cases, reversing the habitat
condition suitable for the growth of mangroves requires adequate site-specific ecological
knowledge, strategy and, most importantly, time. But most of the rehabilitation/restoration
efforts are often undertaken in short duration and are based on mono-specific plantation
without understanding the species-specific information or habitat characteristics and are
often focused on increasing the coverage of existing mangroves. Thus, many attempts of
mangrove rehabilitation used the “wrong species” in the “wrong environment” and resulted
in massive failure (Zimmer, 2018; Lewis et al. 2019). In the past, most mangrove conservation
or rehabilitation measures did not consider consequences on the structure, functioning or
service-provisioning of the ecosystems.
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Eliminating the environmental stressors and assisting the natural regeneration are the success
of effective mangrove restoration/rehabilitation. However, global assessments of restoration/
rehabilitation practices and methods over 90 sites around the world (Figure 2 a and b) confirm that
planting, rather than eliminating the stressors and assisting natural regeneration, remains the main
strategy (López-Portillo et al., 2017). Similarly, a survey of 14 locations in 11 countries has revealed
that large investments in planting, as indicated by planting area, number of propagules planted and
project costs, generally did not result in significant long-term increase in mangrove area or tree
survival (Lee et al., 2019). In addition, lack of documentation of either positive/negative outcomes
or recommendations for modifications of the original planting design, absence of monitoring plan to
assess the functionality of mangroves, short duration and limited funding to support the community
participation of volunteer planting and monitoring are the major obstacles of successful restoration
(López-Portillo et al., 2017).
For instance, recent review of more than 160 documented mangrove restoration efforts in 24
countries, which includes a total recorded extent of almost 2,000 km2 planted over the last 40 years,
revealed that not all projects recorded exact areas, or given sufficient data to assess success or failure
(Worthington and Spalding, 2019). Unsuccessful rehabilitation is a waste of time, money and human
resources. Further, the habitat characteristics altered for the purpose of mangrove rehabilitation
render these corridors unsuitable for natural migration of mangroves to cope up with the impacts of
climate change. Large-scale planting, where survival is low or, worse, is likely to result in collateral
damage to existing or adjacent habitats (Lee et al., 2019). Hence, another approach suggested by
Lewis et al. (2016) is called “Early detection and pre-emptive rehabilitation” to prevent complete
loss of plant community structure and ecological function through long-term monitoring of changes
in hydrological and ecological status of mangroves. However, the long-term monitoring efforts are
not generally implemented in any country (Duke et al., 2017; Mazón et al. 2019).

Figure 2a. Major mangrove restoration/rehabilitation sites in Indo-west Pacific
( Source López-Portillo et al., 2017)
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Figure 2b. Major mangrove restoration/rehabilitation sites in Atlantic-East Pacific
(López-Portillo et al., 2017)

In a world of diminishing natural ecosystems, preserving biological diversity,
ecosystem integrity and health are the fundamental priorities for conservation (Trombulak
et al., 2004). Thus, the scale of nature conservation changed from the species to the
ecosystem level, and recent efforts are focused on ecosystem-based management approaches
(Mace, 2014). However, conservation measures of mangroves have not been changed
much, despite of our improved understanding of their ecological and economic benefits.
Mangroves are species-poor compared with other tropical ecosystems (Alongi, 2002) and
the mangrove plants are considered to be the foundation species that create habitat,
modulate ecosystem functions, and support entire ecological communities (Ellison et al.
2005). Due to the critical role of plants in mangrove ecosystems, changes in plant coverage
and composition have important implications for the provision of coastal wetland
ecosystem services (Osland et al., 2018).
However, we know only little about functional species-redundancy of these ecosystem
engineers. Yet, about 16% of mangrove species are at elevated threat of extinction (Polidoro
et al. 2010). Loss of these keystone species of mangrove ecosystems will have devastating
economic and environmental consequences for coastal communities (Polidoro et al., 2010).
However, far little effort has been made to increase the population size of the species at
elevated risk of extinction. Globally, current management and policy-making efforts have
not been fully successful in ensuring the conservation and sustainable use of mangrove
resources (Romañacha et al., 2018). Among many reasons, the important one is the failure
to integrate differing spatial and temporal scales at which mangrove ecosystem services are
provided (ecological provisional scale) with the scales at which the management, policy and
utilization institutions operate (social demand scale) (Duke et al., 2007; Friess et al., 2016;
Dharmawan et al., 2016; Romañacha et al., 2018; Amir, 2018).

558

SITE-SPECIFICITY VERSUS GLOBAL GENERALIZATION
Mangrove research over the last several decades has revealed that biodiversity, structure and
processes of mangrove ecosystems are site-specific (Duke et al., 1998; Binks et al., 2018).
Within a given mangrove habitat, local abiotic and biotic factors (e.g. hydrology,
geomorphology, salinity, competition, facilitation etc.) greatly influence the diversity,
structure and processes, despite climatic drivers (i.e., temperature and precipitation regimes)
that control the distribution and species richness on global scale. For instance, mangrove
zonation, once presumed to be a feature of mangroves worldwide (Chapman, 1975;
Snedaker, 1982), turns out to be site specific rather than the regional generalization (Bunt et
al., 1991; Bunt, 1996, 1999; Bunt and Bunt, 1999; Bunt and Stieglitz, 1999; Ellison et al.,
2001; Schmiegelow et al., 2014). Similarly, it was previously assumed that mangroves
are genetically undifferentiated throughout their range due to long-distance dispersal of
propagules by sea currents (Duke et al., 1998; Maguire et al., 2000).
However, recent molecular studies show strong genetic differentiation among
populations of many mangrove species (Yang et al., 2016; Guo et al., 2016; Yang et al.,
2017; Guo et al., 2017; Guo et al., 2018), indicating reduced gene flow among populations
and potentially strong local adaptation. This low genetic diversity warrants low resilience of
mangroves against climate change (Guo et al., 2018). The provisioning of ecosystem
services by mangroves, such as coastal protection (Lee et al. 2014) and carbon storage
(Atwood et al., 2017; Perez et al., 2018; Rovai et al., 2018; Twilley et al., 2018), vary
among mangrove stands with respect to species composition and environmental settings.
Mangrove responses to climate change differ between regions (Ward et al., 2016). For
instance, many recent studies have described that vertical adjustment and horizontal movement of mangroves to cope up with sea-level rise are greatly influenced by local abiotic
(sediment inputs and local geomorphic settings) and biotic (plant productivity, peat development, and the accumulation of refractory mangrove roots and benthic mat materials)
factors. Thus, even along the same coast, mangrove response to climate change varies.
In addition, impacts of coastal developmental activities are spatially differentiated,
time-dependent, and linked to varying sets of proximate activities and causal drivers
(Chowdhury et al., 2017b). The causal drivers of mangrove degradation often operate in
combination rather than separately and they are spatially limited. Thus, the gradual decrease
and eventual loss of mangroves due to small scale disturbances are a major threat to
mangroves globally (Lewis et al., 2016). Conservation and policymaking should be based
on data and knowledge. However, mangrove conservation measures are triggered by
intensive unsustainable utilization and they have rarely been adjusted according to recent
improvement in the scientific understanding of mangroves. Based on the available
literature, it is apparent that structure and processes of mangrove ecosystems are sitespecific, and knowledge of generalizations on a global scale remains limited in mangrove
conservation endeavours. So, site specific understanding of various components of
mangroves (viz., species composition and distribution, forest structure, genetic diversity,
faunal diversity, microbial diversity, and environmental settings and physico-chemical
properties of soil), incorporating adjacent coastal ecosystems and their responses to
environmental stressors, is imperative to ensure the sustainability of mangroves.
SHIFT IN MANGROVE CONSERVATION ENDEAVOURS
Recently, the ineffectiveness of many existing conservation measures became widely
recognised. Several approaches to tackle this were proposed for mangrove management,
specifically to better incorporate hitherto often unaccounted aspects such as biodiversity,
complexity of social-ecological systems, ecosystem processes, and the need for stakeholder
participation (Figure 3). For instance, Borges et al. (2017) have emphasised the integration of
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social-ecological data, anthropogenic threats and regional peculiarity in policymaking to
enhance the sustainable use of mangrove resources. Helfer and Zimmer (2018) have
highlighted the prioritization of spatial conservation for sustainable use and provisioning of
ecosystem services of mangroves and proposed a "Traffic Light Concept", assigning
distinct conservation priorities and levels (e.g., strict closure vs sustainable use) to distinct
areas, based on biodiversity and ecosystem processes assessed through high-throughput
techniques (Environmental DNA Metabarcoding and Environmental Metabolomics).
Zimmer (2018) proposed “Ecosystem Design” - an approach to design intended
novel functioning of ecosystems in degraded areas to ensure particular services that are
locally or regionally required for the well-being of mankind, taking into account of local
habitat peculiarities and other environmental conditions (natural or man-made), as well as
the pool of regionally available native species as service-providing units. Faridah-Hanum et
al. (2019) formulated Mangrove Quality Index (MQI) to assess mangrove ecosystem
health, which took into consideration of the mangrove forest, contributing components of a
mangrove forest, soil, surrounding marine ecosystem, hydrology and socio-economic
variables. Ellison et al. (2020) proposed the adaptive management of restored/rehabilitated
mangroves areas - a structured, iterative process of “learning-by-doing” and decisionmaking in the face either of continuous change (environmental, social, cultural, or political)
or uncertainty, through regular monitoring of key indicators of the objectives and goals of a
rehabilitation /restoration project and identifying the clear triggers or decision-points for
appropriate intervention and action if the objectives or goals are not being met.
All these considerations are reflected to some extent in the widely-accepted shift to
the more holistic approach known as ‘Ecosystem-Based Management’ (EBM), making use
of site-specific (biodiversity, habitat characteristics, ecological process) and species-specific
information (distribution, habitat requirements) to ensure the persistence of mangroves in a
given area. EBM is driven by recognition of the failure of conventional management
practices to protect marine ecosystems from over‐exploitation (Crain et al., 2009) and aims
at achieving conservation, sustainable utilization and fair allocation of benefits from natural
resources, thereby striking a balance between short‐term needs and sustainability (Cowan et
al., 2012). EBM is emphasising the connectivity within and among systems, focussing on
the consequences of human actions within a specific ecosystem (or linked adjacent
ecosystems), providing prominence to the protection and restoration of ecosystem structure
and key processes, and integrating the biological, socioeconomic and governance
perspectives (Clarke and Jupiter, 2010). However, EBM lacks a universal implementation
framework, taking many different forms with various combinations of principles.
Recently Long et al. (2015) brought up a set of 15 key principles of EBM, from a
theoretical and conceptual perspective that is considered necessary for successful
implementation. Further, they identified five key principles viz., Ecosystem Connection,
Appropriate Spatial and Temporal Scales, Adaptive Management, Use of Scientific
Knowledge, and Stakeholder Involvement and Integrated Management as the most important
for EBM. Some principles that directly emerge out from these key principles are “Consider
Cumulative Impacts", "Apply the Precautionary Approach" and "Explicitly Acknowledge
Trade‐Offs". It is apparent that EBM requires more precise information of various
components of a given ecosystem to be managed. Thus, we are still a long way from the
formulation of EBM with adequate knowledge of various components of mangrove
ecosystem, but the urgency of the situation demands "informed guesswork” based on the
available information with parallel efforts to fulfil the needs of effective implementation of
site-specific EBM.
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Figure 3. Schematic representation suggested for better management of mangroves

NEED OF THE HOUR
It is widely recognized that adaptive potential promotes resilience of species to recover
from disturbances, and thereby improving the effectiveness of conservation practices
(IPCC, 2014). Thus, determining the physiological, ecological and genetic processes
underpinning the adaptive potential of species is a key focus for conservation approach
(Wee et al., 2018; Osland et al., 2019; Rilov et al., 2019). Adaptive potential is often defined
as the ability of populations or species to adapt to rapid environmental change with minimal
disruption by means of phenotypic or molecular changes (Glick and Stein, 2010; Eizaguirre
and Baltazar-Soares, 2014).
Despite being threatened by human developmental activities and climate change, the
mangrove forests are highly resilient ecosystems that have the potential to adapt and adjust to
changing conditions (Woodroffe et al., 2016). This is evident by recent expansion of
mangroves towards polar regions in response to increasing minimum winter temperature
(Saintilan et al., 2014) as well expansion and contraction in response to temperature
fluctuations and Pleistocene sea level drop and rise in the long past (Ludt and Roacha, 2014).
Vertical adjustment and horizontal movement across the landscape are the processes that
govern the responses of mangrove forest to sea-level rise (Woodroffe et al., 2016; Krauss et
al., 2014; Lovelock et al., 2015). Furthermore, the observed higher expression diversity than
the genetic diversity and smaller genome size warrants the significant evolutionary potential
of mangroves (Lira-Medeiros et al., 2010; Wee et al., 2018; Lyu et al., 2018).
Adaptive potential of populations/species is often measured in terms of genetic
diversity. Thus, use of genetic information in conservation is crucial for its long-term
effectiveness to preserve the adaptive and evolutionary potential of ecosystem/species
(Hoffmann and Sgro, 2011). However, little has been translated into on-the-ground
conservation (Wee et al., 2018). The emerging new technologies like NGS (Next Generation
Sequencing) need to be incorporated into future efforts. Since ecological condition and
evolutionary processes act at overlapping time scales, maintaining the better ecological
condition and minimal habitat destruction will facilitate the adaptive potential of mangroves.
Hence, preserving the ecological health of the existing mangroves is need of the hour for
maximizing the adaptive potential of mangroves and sustaining the manifold services.
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Three decadal restoration/rehabilitation efforts taught the lesson that understanding
the ecology and hydrology is the key for effective restoration initiatives worldwide, and
when appropriate hydrological conditions are restored, mangroves can fully develop and
function as natural stands without the requirment of futher human intervention (Lewis et al.,
2016). Thus, preserving the hydrological connectivity of existing mangroves, facilitating
the connectivity between adjacent ecosystems, and protecting the natural corridors are the
potential strategies to enhance the ecological health of existing mangroves. To achieve this,
an effective site-specific, long-term and integrated ecosystem-based protection, management
and rehabilitation strategy with sound scientific knowledge and effective legislative
measures to limit/regularize the coastal developmental activities is imperative. In this
regard, a few essential measures are suggested as given-below.
Strengthening the legislation to control coastal developmental activities
Coastal areas are the hot spots of developmental activities and hence they continue to be
threatened, despite the strong legislative measures. It has been experiential that irrespective
of climate change and persisting natural calamities, anthropogenic interventions are the root
causes of the degradation of mangroves worldwide (DasGupta and Shaw, 2013; Table 3).
According to recent estimates, the net loss of global mangroves is over 6,000 km2, or 4% of
the 1996 coverage. In addition, an area of 1,389 km2 has been degraded (Table 1). The
conversions of mangrove forests to aquaculture and rice plantations are the biggest drivers
of loss (>50%) and fragmentation in Southeast Asia, a global hotspot of mangrove loss
(Bryan-Brown et al., 2020). So, it is also apparent that rapid coastal development has a
considerable and lasting effect on coastal ecosystems like mangroves (Murray et al., 2019).
Thus, controlling new coastal developments requires immediate priority. Certainly,
compared to the situation in the past decades, mangrove degradation rates have slowed
down in recent times. This can be attributed to expanded rehabilitation and natural
regeneration. However, considering the massive failure of restoration/rehabilitation efforts
and lack of proper documentation of functionality of restored/rehabilitated mangroves, it is
evident that the role of restoration/rehabilitation in the slowdown of degradation rates of
mangroves is not straightforward. The key driver of the recent slowdown can be the
increased resilience/natural regeneration, attributed to significant reduction in the resource
extraction by local communities and agencies resulting from legislative measures. Hence,
strengthening the legislative measures requires immediate action and is as important as
mangrove rehabilitation, economic improvement, and other technical and data-driven
aspects of management (Eriksson et al. 2016).
Mangroves are often regulated under legal frameworks created originally for
forests, environment, water, land, or marine fisheries (Rotich et al., 2016), and laws and
policies of mangroves are rarely designed for the specific management requirements
(Table 4). In many nations, the legislative definition of mangroves covers only the wooded
component of the forest ecosystem. Thus, the existing legislation indirectly facilitates
developmental activities such as aquaculture, construction of ports, industries, thermal
power stations etc., in the vicinity of a mangrove area, particularly mudflats and intertidal
flats like salt pans, under the umbrella of national development. These developmental
activities are a potential threat to mangroves, although not creating
immediate effects. In the long run, they have the potential to gradually reduce health and
integrity, and thus ecosystem service-provisioning of the mangroves. Particularly,
hydrological connectivity viz., amount, quality, quantity, and timing of freshwater and
sediment delivery to estuaries and mangrove forests has drastically altered by coastal
developmental activities (Howard et al., 2017). Further the damming of tropical rivers, with
the subsequent reduction of sediment load reaching the coasts, has highly destructive effects
on the stability and productivity of the coastal and estuarine ecosystems particularly
mangroves (Ezcurra et al., 2019).
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Table 3. The most common threats to specific mangrove regions (Source: Lavieren et al., 2012).
Region
North and Central
America

Threats
Development (coastal, tourism, urban), hurricanes, land conversion to
agri/aquaculture, pollution

South America

Land conversion to agri/aquaculture

West and Central
Africa

Development (urban), degradation, land conversion to agriculture,
oil/gas extraction, pollution

East Africa

Clearing, degradation, land conversion to agri/aquaculture,
overharvesting, pollution, sedimentation

Middle East

Degradation, development (coastal, tourism, urban), land reclamation,
poor planning, oil spills, overharvesting, sedimentation

South Asia

Disease (top-dying), erosion, encroachment, land conversion to
agri/aquaculture, reduced freshwater flow, plantations, poor planning,
storms

South-East Asia

Land conversion to agri/aquaculture, development (coastal, urban),
disease, industrial overharvesting, overfishing, gas extraction, poor
planning and enforcement, pollution, sedimentation

East Asia

Development (coastal), land conversion to agri/aquaculture,
overharvesting, pollution, unsustainable timber harvested
Development (coastal, urban), land reclamation, oil spills, pollutants
(agricultural), storms

Australasia
Pacific Ocean

Development (coastal, tourism, urban), overharvesting, overfishing,
pollution, sedimentation (from mining)

1

Like all estuarine ecosystems, mangrove forest structure, function, and stability are
greatly influenced by hydrological, salinity, and sediment delivery regimes, and these
abiotic factors are often modulated by estuarine freshwater inputs. So, it is imperative to
ensure the minimum freshwater inputs and hydrological regimes that are needed to sustain
mangrove ecosystems for future generations (Osland et al., 2018). Ensuring the minimum
hydrological regimes is practically a tedious task, however, it can be maintained at current
rate by avoiding inappropriate coastal engineering projects or the damming of rivers and
designing of shore structures such that they allow long shore sediment transport to coastal
areas. In cases of sediment starvation, it may be necessary to artificially enhance sediment
retention and supply through the placement of permeable dams to trap sediment, or the use
of mud nourishment or agitation dredging. Furthermore, extreme changes in
rainfall regime are expected around the world, with substantial regional variations due to
climate change. Studies have shown that increase in rainfall leads to landward (EslamiAndargoli et al., 2009) as well as seaward (Ashbridge et al., 2016) expansion of coastal
wetlands like mangroves due to higher supply of fluvial sediments, nutrients, lower
exposure to sulphates and reduced salinity. On the contrary, decrease in precipitation and
increases in evaporation are also observed in some places leading to increased soil salinity
and reduced productivity.
So, predicting the changes in future rainfall patterns will be useful to make precautionary
measures necessary to maintain the hydrological connectivity of mangroves. In addition,
mangroves are closely interconnected to adjacent ecosystems, both seawards (coral reefs
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and seagrass beds) and landwards (flooded wood- and grasslands, including salt marshes
and tidal freshwater forests, adjacent mudflats and intertidal flats, salt flats, salt pans,
salinas, salt barrens, apicuns, tannes and coastal sabkhas). Hence, the legislative definition
of mangroves should be changed to “mangroves as an integrated system”, as suggested by
Borges et al. (2017), in order to maintain the link between mangroves and adjacent
ecosystems, which will facilitate ecosystem service-provisioning by mangroves. Historical
evidences and recent phylogeographic studies revealed that mangroves witnessed contraction
and expansion with respect to changes in sea level during the Pleistocene period. So, it is
suggested here to include 50-100m as the “No Development Zone” along the periphery of
mangroves irrespective of size of the mangrove area, because small patches also provide
significant ecological services (Curnick et al., 2019), to freeze the developmental activities in
the vicinity of mangroves, and to maintain the interconnection between adjacent ecosystems
and hydrological connectivity and to preserve the natural corridors.
Various landscapes and land use forms in the “No Development Zone” should be
assessed in detail to formulate the effective guidelines to regulate the already existing
developments activities. In addition, the rivers - the roots for stability of coastal wetlands –
must be declared as protected area and their peripheral bank areas should be declared as
eco-sensitive zone/buffer zone for immediate action to halt further developmental activities.
Overall, a strong policy framework, effective implementation and long-term monitoring are
required to protect the existing mangroves from climate change and environmental
pollution, generated from upstream man-made activities.
Stop ineffective rehabilitation/restoration
Salt marshes, mud flats and intertidal flats are the natural corridors of mangroves for dealing
with sea level rise. Yet, in terms of restoration (the process of assisting the recovery of an
ecosystem that has been degraded, damaged, or destroyed) and rehabilitation (reparation of
ecosystem processes, productivity and services), mangroves are often planted on these natural
corridors with the aim of increasing the mangrove coverage without understanding or even
taking into account habitat characteristics and coastal dynamics (Sharma et al., 2017; LópezPortillo et al., 2017). Erftemeijer and Lewis (1999) have commented that planting of mangroves
on mudflats represents habitat conversion rather than habitat restoration, and have strongly
cautioned against the ecological wisdom of opting for such strategies. Recently Lee et al. (2019)
also commented that despite the short-term increases in area, practice of large-scale monogeneric
planting aimed at reversing mangrove losses could not offset for the continual destruction of
established forests. Further, most of the restoration and rehabilitation efforts are focused on
establishing forest cover often for timber value and coastal protection without directly
considering further on biodiversity components, such as tree or structural diversity (Lewis, 2000;
Ellison, 2000). Thus, most rehabilitation/restoration efforts thus far ended as failure.
A recent estimate has identified an area of 8,120 km2 suitable for global mangrove
restoration (Tables 1 and 5). Of which, 6,630 km2 are highly restorable. In addition, 1,389 km2
of degraded mangrove areas are identified suitable for restoration (Worthington and Spalding,
2019). “Community based rehabilitation” or “Community based ecological mangrove
rehabilitation” is a successful approach for mangrove restoration/rehabilitation (Selvam et al.,
2003; Datta et al., 2012; MacKenzie et al., 2019), which emphasizes the use of local ecological
knowledge to substitute for baseline information gaps (e.g., detailed reference site
topography and hydrology). The successful cases of community based restoration/
rehabilitation are evident at Pichavaram, India (Selvam et al., 2003), Pred Nai village in Trat
province, Thailand (On-prom, 2014), Banacon Island in Bohol Province, Phillipines (Phulhin
et al., 2017), Volta estuary catchment area of Ghana (Aheto et al., 2016), and Tanakeke Island
of South Sulawesi Province, Indonesia (Brown et al., 2014). The restoration success is also
evident at 93 sites, based on an assessment of 166 documented restoration efforts in 24
countries (Worthington and Spalding, 2019).
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Table 4. Major legislative arrangements for mangrove protection in selected countries of
South and South East Asia

Country
India

Main governing
body
Ministry of
Environment and
Forest and Climate
Change

Pakistan

Provincial Forest
Departments
Bangladesh Ministry of
Environment and
Forest
Myanmar
Ministry of Forests
Thailand
Royal Forestry
Department and
Ministry of Natural
Resources and
Environment
Vietnam
Ministry of Natural
Resources and
Environment and
Ministry of
Agricultural and
Rural Development
Malaysia
Department of
Forestry
(Provincial
Government)
Indonesia
Ministry of
Forestry
Philippines

Legislative measure
Indian Forest Act of 1927; Wildlife (Protection) Act,
1972; Water Prevention and Control of Pollution Act,
1974; Forest Conservation Act, 1980; Environmental
Protection Act of 1986; National Forest Policy, 1988;
Environmental Impact Assessment Notification (EIA) of
1994; Coastal Aquaculture Authority Act, 2005; Wetland
(Conservation and Management) Rules 2017; Coastal Regulation
Zone (CRZ) Notification, 2018; National wetland management
Programme (NWMP); National Lake Conservation Plan
(NLCP); National River Conservation Plan (NRCP).
Forest Act, 1927; National Action Plan on Environment.

Department of
Environment and
Natural Resource

1 (Source : DasGupta and Shaw, 2013)

Forest Act, 1927; Forest Policy, 1994; Environmental
Regulations, 1997; Coastal Zone Policy, 2005;
Forest Act, 1995; Forest Policy, 1995
National Forest Reserves Act, 1964; Community Forestry
Bill, 2007; Land Development Act, 1983; Enhancement
and Conservation of National Environment Quality Act,
1992.
Forest Protection and Development Law, 2004; Land Law,
1993; Environment Protection Law, 1994; Decree 25.

National Forestry Act, 1984; 9th Malaysian Plan (2006–
2010); Environment Quality Act, 1974; Merchant
Shipping (Oil Pollution) Act of 1994.
Presidential Decree 32 (1990)/Law no.5 (1990); Law no.
27 (2008); Law no. 32 (2009); Decree no.
H.1/4/2/18/1975.
Republic Act 7586 (1992); Republic Act 8371 (1997);
Republic Act 8550 (1998); Coastal Zone Management
Plan, 1997; Presidential Decree no. 979 (1976); DENR
A.O. 76
(1987).
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However, functionality of restored/rehabilitated areas are rarely monitored to fully
ascertain mangrove restoration success based on faunal diversity and vegetation structural
(e.g., basal area, species diversity) as well as functional (e.g., net primary productivity,
carbon storage, resilience) properties (López-Portillo et al., 2017). Considerable longtime-scale (at least of 30 years) of management and monitoring is imperative to ensure the
functionality of restored/rehabilitation sites (Datta et al., 2012). But most projects are short
in duration (<3 years) and do not devote funding for adequate maintenance and monitoring
periods (Roderstein et al., 2014). Thus, long-term sustainable financial support is crucial
for successful community-based restoration/rehabilitation. Median costs of mangrove
restoration is around US$3000 per hectare (Bayraktarov et al., 2016), however where
large-scale engineering to restore hydrology, combined with high staffing costs leads to
projects costing over US$100,000 per hectare (Worthington and Spalding, 2019). So,
mangrove restoration/rehabilitation is expensive for many developing nations’ especially
South East Asian countries. Thus, investments in large-scale planting must be the last
option. Rehabilitation of abandoned aquaculture areas should be directed to hydrological
correction (Lewis et al., 2016) to facilitate natural recruitment of mangroves and also
improving soil fertility.
Table 5. Restorable areas and degraded areas for mangroves of selected countries

Country

Restorable
area (km2)

Australia
336
Bangladesh
138
Belize
65
Brazil
491
Colombia
216
Cuba
160
Ecuador
107
Ghana
22
Honduras
70
India
152
Indonesia
1,866
Malaysia
168
Mexico
1,455
Mozambique
259
Myanmar
436
Nicaragua
104
Nigeria
110
Papua New Guinea
135
Philippines
156
Sri Lanka
29
Thailand
175
United States
227
Venezuela
120
Vietnam
174
(Source Worthington and Spalding, 2019)

Proportion
of original
mangrove
areas
restorable
3.3%
3.2%
12.9%
4.2%
8.6%
4.5%
6.7%
9.6%
12.2%
4.1%
6.4%
3.4%
12.8%
8.0%
7.9%
10.6%
1.7%
2.7%
5.4%
12.1%
6.9%
10.5%
4.1%
9.6%
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Extent of
highly
restorable
mangrove
areas (km2)
314
129
64
476
51
74
26
22
69
126
1,616
157
993
258
431
99
105
126
129
24
78
204
109
149

Area of
degraded
mangrove
areas (km2)
54
1
3
58
15
68
1
2
3
12
419
63
33
40
295
16
0
4
14
1
8
2
12
43

Distinct priorities to distinct areas
Structure and functions of mangroves as well their ecological response against changing
livelihood dependency of local communities are more of site specific. So, site-wise priorities
will be useful for better policy making. Legislative measures often do not offer strict protection of all mangroves areas and are not strictly enforced. Further, societal acceptance for
strict and complete protective measures is low, as stakeholders and users often depend on
use of resources for their livelihood and well-being. Still, the mangrove areas under strict
protection witness reduced degradation and increasing service-provisioning. However, a
high dependency on mangroves by local communities in many countries raises a conflict of
interest. The solution to this resides in assigning distinct priorities specific to areas by
spatial conservation prioritization such as those implemented in the Marxan (Ball et al.,
2009) or Zonation (Moilanen et al., 2005) frameworks, where both ecological values (such
as biodiversity) of the system and their use by human societies (related to the ecosystem
processes and services) can simultaneously be accounted for.
Recently, Helfer and Zimmer (2018) have outlined the spatial prioritization and
planning of mangrove conservation on functional biodiversity and service-relevant ecosystem processes. The data often used for spatial prioritization are spatial distribution of
species and/or ecosystem services (e.g., Chan et al., 2006; Leathwick et al., 2008).
Although country-wise species compositions of mangroves are known from comprehensive
reviews and databases, detailed spatial distribution of mangroves remains unknown in
many countries. Thus, efforts should be taken to assess the site-specific spatial distribution
of mangroves. Additional data on distribution of threats to biodiversity or serviceprovisioning, connectivity of mangroves and adjacent coastal, marine and terrestrial
ecosystems can also be profitably used in spatial conservation planning (Helfer and
Zimmer, 2018).
By this approach, mangrove areas can be categorised broadly into areas with highest
versus low human impacts through considering both the degree of existing threats from
land-use and/or environmental change and the dependency of local community on the
respective ecosystem. For such an approach, demarcation of mangrove habitats and
adjacent land-use is imperative. The potential of remote sensing in mapping of mangroves
and assessing the different landscapes and land-use patterns, along with chemical and
genetic high-throughput techniques put forward by Helfer and Zimmer (2018), cannot be
overestimated for identifying potential threats (developmental activities) and natural
corridors in the vicinity of mangroves. Areas with still healthy but delicate mangroves need
to be protected strictly, whereas healthy areas with predicted high tolerance and/or
resilience to human impacts can be used in sustainable ways, considering livelihood
activities of adjacent communities. Both developmental activities and sustainable use needs
to be assessed, legally regularized and subjected to strict monitoring. Based on the available data, many subsistence-driven activities of local communities (except for excessive
wood-extraction) do not cause drastic change in mangroves, whereas increased
developmental activities affect mangroves.
Species-specific research/restoration
The primary factor that distinguishes wetlands like mangroves from other landforms or
water bodies is the characteristic vegetation of aquatic plants, adapted to the unique hydric
soil. The foundation species of the vegetation modify the abiotic conditions that are
stressful to organisms thereby providing the primary habitat to support entire ecological
communities. Mangrove trees are keystone species and their responses to climate change
processes are expected to be greatly influenced by plant-mediated processes. Recently, the
need of better understanding of foundation species of coastal wetlands is a matter of
necessity (Osland et al., 2019) for effective adaptive marine conservation planning, along
with seven key interlinked scientific requirements viz., (1) mapping shifts in species
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distributions; (2) understanding the physiological and ecological mechanisms behind
climate-driven biological change; (3) identifying and predicting critical shifts in ecological
states; (4) developing forecasting tools for communities and ecosystem functions; (5)
assessing the adaptation capability of key populations and species; (6) developing tools and
methods to address climate change in conservation prioritization; and (7) integrating
information to develop adaptive conservation planning strategies for multi-stressor
environments (Rilov et al., 2019).
So, there is clearly a need for more site-specific and species-specific research to
better understand the mangrove responses to rising sea levels, changing temperature and
precipitation regimes and growing developmental activities. Thus, understanding the
species composition of mangroves, the spatial distribution of mangrove species and habitat
suitability will help avoiding species loss and designing species-specific conservation
efforts with the aim of sustainably providing ecosystem services. Sarker et al. (2016)
showcased the usefulness of habitat suitability models with detailed information on
species-specific habitat requirements to identify suitable habitats of threatened mangrove
species and in guiding habitat restoration, protection, and replanting projects. This will be
explicitly useful for species-specific spatial conservation measures for threatened species.
Long-term monitoring for early implementation of ecosystem design
Mangroves naturally have the potential to withstand certain degree of biotic and abiotic
stressors. Thus, anthropogenic or climate change-impacts are often gradual in mangroves
and they vary among mangrove stands, based on the degree of stress. Long-term monitoring
of changes in hydrological and ecological status of mangroves will be useful to take
effective measures, e.g., the implementation of Ecosystem Design, to prevent the complete
loss of plant community structure and ecological functioning (Lewis et al., 2016). Monitoring
the full range of intertidal and deltaic dynamics over large areas was challenging, but new
advances in remote sensing technologies enable us to measure and monitor processes that are
affecting the coastal environment on large spatial scales (Murray et al., 2019).
Streamline future research for site-specific information
Conservation and policy making should start with right data. However, the lack of enough
data is still a major impeding factor for successful mangrove conservation. Despite
considerable work on the floristics and ecology of mangroves, they remain underexplored for
forest structure, faunal diversity, genetic diversity, physico-chemical properties of sediments,
microbial diversity, ecosystem services and their economic values and, all of which are
prerequisites for an effective implementation of EBM. Since all these components are highly
variable among mangrove forests, site-specific information is precious.
As mangroves are highly dynamic, having witnessed drastic changes in the past and
experiencing ongoing climate consequences, additional information is to be considered in
policy-making with regard to the connectivity of mangroves and adjacent coastal, marine
and terrestrial ecosystems, recent changes in the distribution, species composition and/or
health status, the distribution of threats to biodiversity or service-provisioning and possible
impact of climate change. To transform the current conservation measures of mangroves
into effective EMB-based measures, a multi-disciplinary approach to critically revisit the
available information and make efforts to fill knowledge gaps for better policy making is
warranted.
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CONCLUSION
Human activities significantly altered the land (75%) and ocean areas (66%; Tollefson,
2019) and man-made demand on the living resources now exceeds its capacity to regenerate
by 30% (WWF, 2008). Particularly, wetland ecosystems are among the most harmed, with
nearly 50% loss since 1900 (Li et al., 2018). In case of the mangroves, habitat destruction
for agricultural and aquaculture practices remains the major threat. Ecosystem destruction
will reduce the products and services that people can draw from the environment in future.
So without limiting the human activities, the rate of mangrove degradation will continue to
increase. In addition, the interactive effect of global change is expected to cause impulsive
ecological consequences (Harris et al., 2018; Sippo et al., 2018). While some interactions
between global change drivers can lead to mangrove mortality and loss, others can lead to
mangrove expansion at the expense of other ecosystems (Osland et al., 2018). Hence,
preserving the ecological health of existing mangroves is a need of the hour. Massive
rehabilitation/restoration efforts with huge financial support and manpower did not reverse
global mangrove loss as wells as the sustainability, whereas legislative protection, despite
the poor enforcement, has prevented certain level of the habitat conversion thereby
supporting the natural regeneration. Thus, restructuring of legislative framework, strict
enforcement and monitoring should be prioritized for better protection of ecological health
of existing mangroves. Since structure and functions of mangroves are site-specific, there is
no “one size-fits-all solution”. So such polices should be formulated with adequate
site-specific information rather than global generalization and should be combined with
price-based instruments, such as carbon credits, payments for ecosystem services, taxes on
deforestation and certified eco-friendly products, which will raise the value of maintaining
and protecting the mangroves rather than converting them to other uses (Lee et al. 2019).
The conservation value of mangroves can also be improved through flagship, charismatic
and globally threatened macrofauna like Royal Bengal Tigers in Sundarbans, proboscis
monkey in Borneo, and sail fin lizards in Philippines mangroves.
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