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Abstract: Blue carbon has received international attention recently for its capability to mitigate climate change due to CO, emissions.
Researches have proven the efficient way of fostering carbon sequestration by the mangroves; a blue carbon ecosystem, which can be a
prominent tool in reduction of anthropogenic-driven CO, emissions. Despite their significant function as eminent carbon sequesters,
mangroves are being destroyed mainly via deforestation and urban development. Estimates of national and global carbon sequestration
are hindered by lack of awareness and poor estimates of ecosystem extent. Research should be fortified in assessment of blue carbon
fluxes and stocks of mangroves coupled with awareness promotion around coastal communities; so they can be conserved from further

dwindle.
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1. Introduction

Coastal wetlands are the most productive ecosystems and
they help maintain well-being of the coastal communities and
biodiversity [6], [12], [16]. These ecosystems sequester and
store great quantities of “blue carbon” [14], [21], which
defined as the carbon stored or exchanged in the oceanic and
coastal realm [9], [16] through this term often colloquially
refers to vegetated habitats within the coastal or near coastal
zone [9]. In other words, the carbon sequestered in coastal
and marine vegetated ecosystems [14] known to be “coastal
wetland blue carbon” [13]. Generally, salt marshes,
seagrasses and mangroves referred to as blue carbon
ecosystem [6], [7], [9], [10], [12], [13], [15], [21], [24], [26].
Global coverage of blue carbon ecosystems are 51 million
ha, of which 15.6 million ha (31%) is mangroves [2]. On a
per area basis, coastal wetlands are more efficient carbon
sinks than more terrestrial forests [16]. Blue carbon
ecosystems mainly occupy the intertidal and shallow water
environments, where their distribution, productivity and rats
of vertical accretion of coils are strongly influenced by sea
level and the space available to accumulate sediment [14].

However, these ecosystems account only for only 0.2% of
the ocean area, but the carbon deposits in sediments account
for approximately 50% of the total carbon deposits in marine
sediments. The blue carbon concept was introduced as a
metaphor aimed at highlighting the coastal ecosystems, in
addition to terrestrial forests, contribute significantly to
organic carbon sequestration. Later on, it has been projected
as a tool for climate change mitigation [14].

Parties ratifying the Paris Agreement [11], [16], [24] have
pledged to ‘achieve a balance between anthropogenic
emissions by sources and removals by sinks by 2100°.
Within the context of climate-change mitigation, enhancing
the capacity and role of natural carbon sink has become an
increasingly important scientific topic. As anthropogenic
climate change presents an ever-growing problem to the
international community, it is necessary to seek out for
creative yet ecofriendly ways to reduce the human carbon
footprint, addressing the land-use changes. Thus, the notion

of blue carbon is attractive, indeed exciting, to many in the
conservation and policy communities [26]. However, the
science and policy for the coastal blue carbon has not been
well established [25]. Therefore, this paper focus to briefly
summarize the scientific concept of blue carbon and role of
mangrove ecosystems in carbon sequestration.

2. The concept of Blue Carbon

It has been reported that the ocean represents the largest
active carbon sink on Earth, absorbing 20-35% of
anthropogenic CO, emissions [13]. Ocean blue carbon refers
to the absorbed and fixed carbon in the ocean from
atmospheric CO,. It has been proved that the blue carbon
ecosystems are the highest carbon sinks per lot.
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Figure 1. The fate of carbon dioxide in a blue carbon
ecosystem (from left to right: mangroves, tidal marshes and
seagrasses). In intact coastal wetlands, carbon is captured via
photosynthesis (green arrows) and sequestered into woody
biomass and soils (red arrows) while a part of it is lost again
to the atmosphere via respiration (black arrows).

Studies have shown that these ecosystems are ten time both
more effective at sequestering carbon dioxide on a per area
basis than boreal, temperate or tropical forests. Carbon
emissions together with other greenhouse gases (CH,4, N,O)
are likely to have a dominant influence on climate change.
The global average atmospheric carbon dioxide
concentration rose to 387 parts per million (ppm) in
December 2009 [15]. According to IPCC, 2013 the
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cumulative anthropogenic carbon dioxide emission is about
555 (470 to 640) GtC. Human emissions of CO2 from fossil
energy and industrial production release approximately 7.8
PgC yr' [25]. The scientific community believes that this
rapid increase has been driven by anthropogenic influence
and substantially contributed to the increase in atmospheric
CO2 from 320 ppm to approximately 400ppm over the past
70 years. Actions like burning of fossil fuels [7], [15] ,[21]
anthropogenic degradation and deforestation [21], [27] of
coastal wetlands [3], [7], [13] can convert the blue carbon
ecosystems from net sinks to sources of carbon [13], [15],
[27].

The blue carbon ecosystems absorb the CO2 and store in
them for millennia, aiding in climate change mitigation.
Mangroves, tidal marshes and seagrasses sequester and store
large amounts of carbon through natural capture during
photosynthesis or by trapping sediments and natural debris in
their complex root systems. Within these ecosystems, CO2
from the atmosphere is taken up via photosynthesis, most of
which is returned almost immediately plant and microbe
reparation or temporarily stored in the plant foliage, whereas
the remainder is sequestered for a long period in woody
biomass and soils [13].

Research on natural carbon sinks has focused predominantly
on either ocean ecosystems. The ocean has absorbed one
third of anthropogenic CO2 emissions through physical,
chemical and biological processes. Efforts should be taken to
reduce anthropogenic emissions while conserving the coastal
wetlands. The value of blue carbon ecosystems in
sequestering organic carbon has intensified conservation
interests as measure to mitigate climate change and offset
CO, emissions [10].

3. Mangroves: Unique blue carbon ecosystem

Blue carbon ecosystems cover a vast area worldwide. Of
them mangroves account only about 0.5% of the global
coastal area [19] and 0.7% of the global tropical forest cover
[18]. However, they are the most productive ecosystems
along the estuaries, sea coasts and river mouths in the
tropical and sub-tropical intertidal zones[7], that store
enormous amount of carbon [1], [2] [6] as a significant
fraction of their soil carbon is plant-derived. Mangroves play
a significant role as blue carbon sinks. It has been estimated
that globally they can capture approximately 24Tg Clyear
[20], store approximately 6.5 petagrams of carbon (PgC),
which is nearly 26.8 petagrams of carbon dioxide equivalent
[6]. Literatures show that mangroves can store up to five
times the carbon present in tropical forests per area [2], [20],
sequestering over 2 tons of carbon on average per ha/year
[20].

A recent estimation proves based on a spatial data generated
by Chandra Giri in 2011, mangroves has a global coverage
of 13.8-15.2 million ha [2], [13], [14], [21], [25]. It has been
demonstrated that these coastal forests can store up to five
times the carbon present in tropical forests per area,
sequestering over 2 tons of carbon on average per hal/year
[20]. Mangroves are architecturally simple compared with

the terrestrial forests [6]. Nevertheless, the standing biomass
of some mangrove forests in equatorial regions can be
immense, rivaling the height and weight of many tropical
rainforests [4].

Mangrove forests occur along the ocean coastlines [4], [9]
regularly flooded by tidal water [8], [13] and support
numerous ecosystem services, including fisheries production
nutrient cycling [8], nursery grounds for fish, mammals and
other semi-terrestrial [18] and aquatic fauna including crabs,
mollusks, oysters, and shrimps [2], depocenters for sediment,
carbon and other elements, shoreline protection against
coastal erosions, tsunami and tropical storms, waves and
coastal erosion [19], [23]. Moreover, they maintain the water
cycle and water quality [19].

Mangroves are the woody halophytes [22] that live along the
world’s subtropical and tropical coastlines [2], [4], [22].
Overall mangroves have a significant role in coastal
economics and ecology.

Table 1: Carbon sequestration potential of mangroves

. | Annual | Mean global | Anthropogeni Estl_ma}ted
Geographic - ; emission
carbon estimate of | ¢ conversion
extent due to
sequestered| carbon stock rate "
conversion
- Million Mg, ,-\,: o el Million Mg
Million ha Cyrl Million Mg C % yr Co,
13.8-15.2 | 31.2-34.4 | 5617-6186 0.7-3.0 |144.3-681.1

*Estimated value assuming that all carbon is converted to CO,

Carbon stock estimation of mangroves has become an
increasingly trend during the past years, since they play a key
role in climate mitigation [4] strategies. Mangrove blue
carbon stocks are the sum of carbon stored in tree shoots,
roots, downed wood and soils, stratified into depth layers
[18]. Kauffman and Donato showed that prominent portion
of the carbon stock is stored in soil [1] because they have a
tendency to accumulate carbon relatively quickly [4].
Mangrove soils consist of a variable thick, tidally submerged
suboxic layer [20] (variously called ‘peat’ or ‘muck’)
supporting anaerobic decomposition pathways and having
moderate to high carbon concentration [8]. This has been
proved in studies because authors have found out that an
estimate of 78% of the carbon is stored in soils whereas 20%
in living trees and roots (or biomass) and the remaining 2%
in dead or downed wood [2], [4], [19]. Carbon in the plant
biomass is stored for years to decades while carbon in soils
can remain sequestered for millennia [13]. Other carbon
studies present that both above and below ground biomass
increases, and that the ratio of below to above ground
biomass decreases with increasing stand age.

Formation of mangrove soils is a result of cumulative
ecological processes like weathering, transportation,
sedimentation, and burial of organic matter [22]. It is evident
that the carbon storage is thus dependent on such biophysical
dynamics. A major reason for the overestimation or
underestimation of mangrove carbon pools is that they are
complex and non-linear with considerable dynamism allied
with constantly changing shorelines and varied sea levels
[26]. The amount of carbon stored in mangrove soils varies
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widely, from <0.1% by soil dry weight to >40% with a grand
median of 2.2% [4], [22].
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Figure 2: Difference in whole-ecosystem carbon stocks
among boreal, temperate and tropical forests and subtropical
and tropical mangrove forests [4].

Carbon burial rates within a mangrove forest may be affected
by variability in hydro period, salinity, nutrient status and
suspended sediment supply. Variations in carbon burial
capacity are linked to the extensiveness of plant parts,
decomposition, primary productivity that are driven by
physical (temperature, precipitation, sea level, nutrients,
sediment  type), biological  (species  composition,
bioturbation, trophic cascades) [5], [15], [20], [22] and
biogeochemical variables [14]. With respect to biological
factors, it remains unclear how primary producer diversity
and traits (biochemical composition, productivity, size and
biomass allocation) influence blue carbon burial rate [14].
Studies also notify pH, soil texture, temperature, rainfall
pattern, hydrology and management practices as factors
responsible for retaining the carbon sequestered in the
mangrove soils [22]. Alongi further relates mangrove soils
carbon burial rate to number of other factors including
location of the forest in relation to the open coast, distance to
the adjacent aquatic habitats, tidal amplitude, forest position
in the tidal seascape and productivity of primary producers

[4].
4. Mangrove blue carbon sinks to source

According to studies, globally, among the carbon captured
through photosynthesis, 45% is stored in terrestrial
ecosystems as green carbon and the remaining 55% is stored
in the ocean by phytoplankton and coastal blue carbon
ecosystem [25]. Despite the substantial role played by blue
carbon sinks, destruction of these ecosystems would convert
them from sinks to sources of carbon dioxide emission. [27].
Threats to blue carbon ecosystems are complicated and
multi-faceted [12]. Such alarming threats are at its highest
concern by the scientific community.

When coastal habitats are degraded or converted to other
land uses, the sediment carbon is destabilized or exposed to
oxygen, and subsequent increased microbial activity releases
large amounts of greenhouse gas (GHG) to the atmosphere
or water column [21]. Coastal wetland destruction and
drainage is estimated to be 0.7-3% annually (0.7-7% [15],
[27]) (depending on vegetation type and location), resulting
in 0.23-2.25 billion Mg of CO, release [13]. The estimated

annual CO, emission from the disturbance of blue carbon
ecosystems were estimated at 0.45 Petagrams CO, globally
[14]. Studies suggest that blue carbon ecosystems are mostly
threatened by coastal development and land use changes [6],
which mangroves and tidal marshes are often prone to [13].
It have been reported that human activities have greatly
modified the exchange of carbon and nutrients between
terrestrial and coastal zones, prominently affecting the
coastal ecosystem carbon cycling [9], [27].

Mangrove deforestation causes carbon emission and reduces
carbon sequestration. Blue carbon emissions are being
critically augmented due to devastating effects on mangroves
[2]. Mangroves are naturally disturbed by tsunamis, floods,
cyclones, lightning, pests and disease, and become stressors
that are more susceptible when human such as pollutants are
introduced [4]. Almost one-third of the of world’s
mangroves have been lost in the past 50 years mainly due to
conversion to aquaculture [9] and agricultural fields [4], [7],
engineering [15] and urban development, mining and
overexploitation of timber, fish, crustaceans and shell fish
[4], land clearing [8], coastline disturbance and upstream soil
loss [12], [13], dredging, diking, drainage, trophic cascades,
and invasive species [15]. Such losses reduce their capacity
for carbon storage and have serious implications for human
populations that depend of these ecosystems for food,
livelihoods, and coastal protection [15]. Mangrove habitat
loss carries with it the loss of critical functions including;
carbon sequestration, biodiversity conservation through the
provision of structure, nutrients and primary productivity;
filtration of pollutants; nurseries for commercially important
fish and shrimp; buffering against tsunamis and hurricane
[17].

A 30-50% areal decline over the past-century has prompted
estimates that mangroves may functionally disappear in as
little as 100 years [8]. Globally, deforestation and conversion
of mangroves has been shown to contribute to 0.08-0.48 Pg
CO.e yr', or 10% of the total global emissions from the
tropical deforestation [18].

5. Mangrove blue carbon conservation

Understanding their prominent role in carbon cycle, actions
should be taken to conserve the pristine mangrove ecosystem
for the sustainability of blue carbon flux and to ensure the
reduction of impacts by anthropogenic-driven CO,
emissions. Mangroves can be used increasingly in carbon
sequestration and global climate mitigation strategies [1].
Mangrove restoration is considered part of adaptation to
climate change since it is potentially a low-cost aid to
address the amplified risks from climate change [2]. Various
studies have shown the potential for significant GHG
emissions if the high per-hectare carbon stocks of mangroves
are disturbed (Table 1) [4].

With regard to the threats against blue carbon ecosystems, it
can be argued that the common concern principle is
applicable for various reasons. Most important of all, is
global acknowledgement that blue carbon ecosystems face a
number of pressures, including specific recognition of threats
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to mangrove swamps chiefly rising due to rising sea levels
and coastal developments and attempts to include blue
carbon ecosystems in climate change mitigation strategies
have recently emerged [6]. However, the synergies between
mitigation and adaptation using nature-based solutions have
become increasingly clear. Mangrove conservation and
restoration are already incorporated in UNFCCC forest
mechanisms such as Reducing Emissions form Deforestation
and Forest Degradation (REDD+) and as part of Land Use,
Land-Use Change and Forestry (LULUCF) activities if a
country defines mangroves as a forest [11], [13].

To achieve emissions reduction targets and inform climate
mitigation policies, we argue that a comprehensive strategy
is necessary, one that recognizes the role of science-driven
management practices in natural ecosystems, including
coastal wetlands. However, there is an insufficiency or a gap
prevailing regarding the availability of scientific data about
the geographical extent and the carbon sequestration
potential of mangroves. Despite the limitations, it should be
clearly understood that they drive the marine carbon
dynamics and associated biogeochemical processes, apart
from the other functions like costal protection, habitat
provision and tourism promotion. The scientific evidence
addressing the vital role of mangroves as long-term carbon
sinks should be well established. Specific studies are
required to improve the understanding on the value of
mangrove blue carbon sinks. In doing so, we can conserve
the existing mangrove patches and protect them from further
rapid degradations.
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