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Coastal Ecosystems 
– many critical 
ecosystem services 

Fisheries 
Coastal protection & erosion control 
Coastal Water Quality 
Livelihoods (tourism etc.) 
Cultural value 
Food 
Biodiversity 
Carbon sequestration and storage 



Figure 1. Annual mean carbon sequestration rates for blue carbon habitats per unit area compared to terrestrial forest 
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Costal Ecosystems Highly Efficient 
at Carbon Sequestration 

Modified from McLeod et al. 2011 

Annual mean carbon 
sequestration rates 



Coastal Ecosystem Have Rich 
Carbon Stores 

Mean carbon storage 
above and belowground 

(Fourqurean et al. 2012; Pan et al. 2011; Pendleton et al. 2012) 
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Inputs Results

Ecosystem Global extent 
(Mha)

Current conver-
sion rate (% yr-1)

Near-surface C
susceptible 
(top meter 
sediment+biomass, 
4N�*62 ha-1)

C emissions 
�7N�*62 yr-1)

Mangroves 13.8-15.2 (14.5) 0.7-3.0 (1.9) 373-1492 (933) 0.09-0.45 (0.24)
Tidal Marsh 2.2-40 (5.1) 1.0-2.0 (1.5) 237-949 (593) 0.2-0.24 (0.06)
Seagrass 
Meadows 17.7-60 (30) 0.4-2.6 (1.5) 131-522 (326) 0.5-0.33 (0.15)

Total 33.7-115.2 (48.9) 0.15-1.02 (0.45)

Coastal blue carbon ecosystems are found along the coasts of every continent except Antarctica. 
Mangroves grow in the intertidal zone of tropical and subtropical shores (Figure 3). Countries with 
[OL�OPNOLZ[�HYLHZ�VM�THUNYV]LZ�PUJS\KL�0UKVULZPH��(\Z[YHSPH��4L_PJV��)YHaPS��5PNLYPH��4HSH`ZPH��
4`HUTHY��7HW\H�5L^�.\PULH��*\IH��0UKPH��)HUNSHKLZO��HUK�4VaHTIPX\L12.

Tidal marshes are intertidal ecosystems occurring on sheltered coastlines ranging from the sub-
arctic to the tropics, though most extensively in temperate zones (Figure 3), mainly in Europe, North-
America, Australia and in the higher latitudes of South-America and Africa. 

:LHNYHZZ�TLHKV^Z�HYL�JVTT\UP[PLZ�VM�\UKLY^H[LY�ÅV^LYPUN�WSHU[Z�MV\UK�PU�JVHZ[HS�^H[LYZ�VM�HSS�
continents except Antarctica (Figure 3). More than 60 seagrass species are known to exist, and as 
many as 10 to 13 of them may co-occur in tropical sites13. 

>OPSL�ZL]LYHS�JV\U[YPLZ�HYL�LTIHYRPUN�VU�LɈVY[Z�[V�IL[[LY�THW�HUK�X\HU[PM`�[OLZL�Z`Z[LTZ��YLNPVUHS��
and global maps of coastal blue carbon hot spots currently do not exist. 

12 FAO 2005, 2007 
13 Murray et al. 2011

Where are coastal marine ecosystems found?

Table 1. Estimates of carbon released by land-use change in coastal ecosystems globally and associated eco-
UVTPJ�PTWHJ[��5V[LZ!���7N�$���IPSSPVU�TL[YPJ�[VUZ��;V�VI[HPU�]HS\LZ�WLY�RT2��T\S[PWS`�I`������
�4VKPÄLK�MYVT�7LUKSL[VU�L[�HS���������

(Modified from Pendleton et al. 2012). 



Globally significant emissions from 
Coastal Ecosystems 
 

For comparison: 
Tropical deforestation net emissions =  4.8 Pg CO2 y-1  
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Can coastal “blue” carbon 
leverage better management, 
conservation and restoration 
of coastal ecosystems?
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• Increase recognition of mitigation value

• Improve management and regulation

• Provide basis for incentives to conserve or 
restore
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Increased conservation, restoration 
and sustainable management of 
coastal blue carbon ecosystems 
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http://thebluecarboninitiative.org/ 
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International Climate Change Actions 
•  GHG emissions reporting 
•  UNFCCC mechanisms 
•  Funding 
 
National Actions 
•  Climate Change Policy 
•  Other Policy 

Site/Project Actions 
•  Financing 
•  Management 

Coastal ‘Blue’ Carbon:  
Science to Policy and 
Management 
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Mangroves among the most carbon-rich forests in
the tropics
Daniel C. Donato1*, J. Boone Kauffman2, Daniel Murdiyarso3, Sofyan Kurnianto3, Melanie Stidham4

andMarkku Kanninen5

Mangrove forests occur along ocean coastlines throughout the
tropics, and support numerous ecosystem services, including
fisheries production and nutrient cycling. However, the areal
extent of mangrove forests has declined by 30–50% over the
past half century as a result of coastal development, aqua-
culture expansion and over-harvesting1–4. Carbon emissions
resulting from mangrove loss are uncertain, owing in part to
a lack of broad-scale data on the amount of carbon stored
in these ecosystems, particularly below ground5. Here, we
quantified whole-ecosystem carbon storage by measuring tree
and dead wood biomass, soil carbon content, and soil depth in
25 mangrove forests across a broad area of the Indo-Pacific
region—spanning 30� of latitude and 73� of longitude—where
mangrove area and diversity are greatest4,6. These data indi-
cate that mangroves are among the most carbon-rich forests
in the tropics, containing on average 1,023Mg carbon per
hectare. Organic-rich soils ranged from 0.5m to more than 3m
in depth and accounted for 49–98% of carbon storage in these
systems. Combining our data with other published information,
we estimate that mangrove deforestation generates emissions
of 0.02–0.12 Pg carbon per year—as much as around 10% of
emissions from deforestation globally, despite accounting for
just 0.7% of tropical forest area6,7.

Deforestation and land-use change currently account for 8–20%
of global anthropogenic carbon dioxide (CO2) emissions, second
only to fossil fuel combustion7,8. Recent international climate
agreements highlight Reduced Emissions from Deforestation and
Degradation (REDD+) as a key and relatively cost-effective option
for mitigating climate change; the strategy aims to maintain
terrestrial carbon (C) stores through financial incentives for forest
conservation (for example, carbon credits). REDD+ and similar
programs require rigorous monitoring of C pools and emissions8,9,
underscoring the importance of robust C storage estimates for
various forest types, particularly those with a combination of high
C density and widespread land-use change10.

Tropical wetland forests (for example, peatlands) contain
organic soils up to several metres deep and are among the largest
organic C reserves in the terrestrial biosphere11–13. Peatlands’
disproportionate importance in the link between land use and
climate change has received significant attention since 1997, when
peat fires associated with land clearing in Indonesia increased
atmospheric CO2 enrichment by 13–40% over global annual
fossil fuel emissions11. This importance has prompted calls to
specifically address tropical peatlands in international climate
change mitigation strategies7,13.

1USDA Forest Service, Pacific Southwest Research Station, 60 Nowelo St., Hilo, Hawaii 96720, USA, 2USDA Forest Service, Northern Research Station, 271
Mast Rd., Durham, New Hampshire 03824, USA, 3Center for International Forestry Research (CIFOR), PO Box 0113 BOCBD, Bogor 16000, Indonesia,
4USDA Forest Service, International Programs, 1099 14th street NW, Suite 5500W, Washington, District of Columbia 20005, USA, 5Viikki Tropical
Resources Institute (VITRI), University of Helsinki, PO Box 27, FIN-00014, Finland. *e-mail: ddonato@wisc.edu.

Overlooked in this discussion are mangrove forests, which occur
along the coasts of most major oceans in 118 countries, adding
⇠30–35% to the global area of tropical wetland forest over peat
swamps alone4,6,12. Renowned for an array of ecosystem services,
including fisheries and fibre production, sediment regulation, and
storm/tsunami protection2–4, mangroves are nevertheless declining
rapidly as a result of land clearing, aquaculture expansion,
overharvesting, and development2–6. A 30–50% areal decline over
the past half-century1,3 has prompted estimates that mangroves
may functionally disappear in as little as 100 years (refs 1,2). Rapid
twenty-first century sea-level rise has also been cited as a primary
threat to mangroves14, which have responded to past sea-level
changes bymigrating landward or upward15.

Although mangroves are well known for high C assimilation
and flux rates16–22, data are surprisingly lacking onwhole-ecosystem
carbon storage—the amount which stands to be released with
land-use conversion. Limited components of C storage have been
reported, most notably tree biomass17,18, but evidence of deep
organic-rich soils22–25 suggests these estimatesmiss the vastmajority
of total ecosystem carbon. Mangrove soils consist of a variably
thick, tidally submerged suboxic layer (variously called ‘peat’ or
‘muck’) supporting anaerobic decomposition pathways and having
moderate to high C concentration16,20,21. Below-ground C storage
in mangrove soils is difficult to quantify5,21 and is not a simple
function of measured flux rates—it also integrates thousands of
years of variable deposition, transformation, and erosion dynamics
associated with fluctuating sea levels and episodic disturbances15.
No studies so far have integrated the necessary measurements for
totalmangrove C storage across broad geographic domains.

In this study we quantified whole-ecosystem C storage in
mangroves across a broad tract of the Indo-Pacific region, the
geographic core of mangrove area (⇠40% globally) and diversity4,6.
Study sites comprised wide variation in stand composition
and stature (Fig. 1, Supplementary Table S1), spanning 30�

of latitude (8� S–22� N), 73� of longitude (90�–163� E), and
including eastern Micronesia (Kosrae); western Micronesia
(Yap and Palau); Sulawesi, Java, Borneo (Indonesia); and the
Sundarbans (Ganges-Brahmaputra Delta, Bangladesh). Along
transects running inland from the seaward edge, we combined
established biometric techniqueswith soil coring to assess variations
in above- and below-ground C pools as a function of distance
from the seaward edge in two major geomorphic settings:
estuarine/river-delta and oceanic/fringe. Estuarine mangroves
(n = 10) were situated on large alluvial deltas, often with a
protected lagoon; oceanic mangroves (n = 15) were situated in
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The global average atmospheric carbon dioxide (CO2)
concentration rose to 387 parts per million (ppm) in

December 2009 (ESRL/NOAA 2009), the highest level it
has reached over the past 800 000 years (Lüthi et al. 2008)

and more than 38% above the pre-industrial value of
roughly 280 ppm (Raupach and Canadell 2008). There is a
broad consensus among the scientific community that this
increase in CO2 is driven primarily by the burning of fossil
fuels and changes in land use (Solomon et al. 2007). Land-
use change results in CO2 emissions through clearance of
natural vegetation, forest fires, and agricultural activities, as
well as through the deterioration of ecosystems that serve as
natural carbon (C) sinks (Solomon et al. 2007). The
Intergovernmental Panel on Climate Change estimates
that, by the year 2050, global CO2 emissions must be
reduced by 85% from levels seen in 2000 to prevent a global
mean temperature increase of 2°C (IPCC 2007). This cal-
culation assumes that the reduction in emissions is the only
mechanism by which we can reduce CO2 concentrations. A
more recent approach suggests refocusing efforts from a sin-
gle emissions reduction strategy to a plan that combines
reducing anthropogenic sources of CO2 (mitigation) with
supporting CO2 uptake and storage through the conserva-
tion of natural ecosystems with high C sequestration rates
and capacity (Canadell and Raupach 2008). However, the
net C sink provided by an ecosystem will not mitigate
anthropogenic emissions of CO2 unless its C sequestration
rate increases over time (eg through an increase in areal
extent or increased primary productivity). Ecosystems can
shift from being a net sink of C to a source of C as a result of
changes in climate (eg changes in precipitation and tem-
perature), atmospheric composition effects (eg CO2 fertil-
ization, nutrient deposition, damage by pollution), and
land-use-change effects (eg deforestation, afforestation,
agricultural practices; IPCC 2007). Therefore, while efforts
to conserve and restore natural sinks will help to reduce the

REVIEWS  REVIEWS REVIEWS

A blueprint for blue carbon: toward an
improved understanding of the role of
vegetated coastal habitats in sequestering CO2
Elizabeth Mcleod1*, Gail L Chmura2, Steven Bouillon3, Rodney Salm1, Mats Björk4, Carlos M Duarte5,6,
Catherine E Lovelock7, William H Schlesinger8, and Brian R Silliman9

Recent research has highlighted the valuable role that coastal and marine ecosystems play in sequestering car-
bon dioxide (CO2). The carbon (C) sequestered in vegetated coastal ecosystems, specifically mangrove forests,
seagrass beds, and salt marshes, has been termed “blue carbon”. Although their global area is one to two orders
of magnitude smaller than that of terrestrial forests, the contribution of vegetated coastal habitats per unit
area to long-term C sequestration is much greater, in part because of their efficiency in trapping suspended
matter and associated organic C during tidal inundation. Despite the value of mangrove forests, seagrass beds,
and salt marshes in sequestering C, and the other goods and services they provide, these systems are being lost
at critical rates and action is urgently needed to prevent further degradation and loss. Recognition of their C
sequestration value provides a strong argument for their protection and restoration; however, it is necessary to
improve scientific understanding of the underlying mechanisms that control C sequestration in these ecosys-
tems. Here, we identify key areas of uncertainty and specific actions needed to address them.  

Front Ecol Environ 2011; doi:10.1890/110004

In a nutshell:
• Despite their relatively small global extent, vegetated coastal

ecosystems (mangrove forests, seagrass beds, salt marshes) are
disproportionately important in sequestering carbon dioxide
when compared with terrestrial ecosystems

• Although the importance of coastal vegetated ecosystems as
natural sinks is partly due to their high primary productivity, a
key mechanism is their efficiency in trapping sediments and
associated carbon from outside their ecosystem boundaries

• These “blue carbon” sinks are being lost at critical rates and
action is urgently required to prevent further degradation and loss

• Improved scientific understanding of the factors that influ-
ence carbon sequestration in these ecosystems is needed to
identify sites that are high priorities for restoration and/or
conservation management

1The Nature Conservancy, Honolulu, HI *(emcleod@tnc.org);
2Department of Geography and Centre for Climate and Global Change
Research, McGill University, Montreal, Canada; 3Department of
Earth and Environmental Sciences, Katholieke Universiteit Leuven,
Leuven, Belgium; 4Botany Department, Stockholm University,
Stockholm, Sweden; 5Global Change Research Department, IMEDEA
(CSIC-UIB), Instituto Mediterráneo de Estudios Avanzados,
Esporles, Spain; 6The UWA Oceans Institute, University of Western
Australia, Perth, Australia; 7School of Biological Sciences, The
University of Queensland, St Lucia, Australia; 8Cary Institute of
Ecosystem Studies, Millbrook, NY; 9Department of Biology, University
of Florida, Gainesville, FL
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Seagrass ecosystems as a globally significant
carbon stock
JamesW. Fourqurean1*, Carlos M. Duarte2,3, Hilary Kennedy4, Núria Marbà2, Marianne Holmer5,
Miguel Angel Mateo6, Eugenia T. Apostolaki7, Gary A. Kendrick3,8, Dorte Krause-Jensen9,
Karen J. McGlathery10 and Oscar Serrano6

The protection of organic carbon stored in forests is considered as an important method for mitigating climate change. Like
terrestrial ecosystems, coastal ecosystems store large amounts of carbon, and there are initiatives to protect these ‘blue
carbon’ stores. Organic carbon stocks in tidal salt marshes and mangroves have been estimated, but uncertainties in the
stores of seagrass meadows—some of the most productive ecosystems on Earth—hinder the application of marine carbon
conservation schemes. Here, we compile published and unpublished measurements of the organic carbon content of living
seagrass biomass and underlying soils in 946 distinct seagrassmeadows across the globe. Using only data from sites for which
full inventories exist, we estimate that, globally, seagrass ecosystems could store as much as 19.9 Pg organic carbon; according
to a more conservative approach, in which we incorporate more data from surface soils and depth-dependent declines in soil
carbon stocks, we estimate that the seagrass carbon pool lies between 4.2 and 8.4 Pg carbon. We estimate that present rates
of seagrass loss could result in the release of up to 299Tg carbon per year, assuming that all of the organic carbon in seagrass
biomass and the top metre of soils is remineralized.

The remineralization of organic carbon (Corg) stored in
terrestrial ecosystems because of deforestation and land-
use change now accounts for 8–20% of anthropogenic

greenhouse-gas emissions1. The importance of reducing these
fluxes to mitigate climate change has led to efforts to protect
terrestrial Corg stores through forest conservation, such as the
United Nations collaborative initiative on Reduced Emissions
from Deforestation and Degradation (REDD+) in developing
countries2. REDD+ maintains terrestrial Corg stores through
financial incentives for forest conservation, which requires rigorous
monitoring of Corg stores and emissions3,4. Unlike terrestrial forests,
where the Corg stores are dominated by the living trees5, the Corg
stores of coastal vegetated habitats are dominated by the C stored
in their organic-rich soils6–9. Whereas the C stores of mangroves
have been estimated at 1,023MgCha�1 (ref. 7), the global Corg
stores in seagrass ecosystems have not yet been assessed, despite the
recognition of seagrass meadows as some of the most productive of
the Earth’s ecosystems10,11.

Seagrass meadows occupy less than 0.2% of the area of the
world’s oceans but are estimated to bury 27.4 TgC yr�1, roughly
10% of the yearly estimated Corg burial in the oceans8 (Fig. 1).
Although some components of Corg storage have been reported,
most notably living biomass10, seagrasses may develop organic-rich
soils composed of both autochthonous and allochthonous Corg
(ref. 12). These soils are largely anaerobic, and as a result, the
Corg in the soils can be preserved for millennia13–16. Below-ground

1Department of Biological Sciences and Southeast Environmental Research Center, Marine Science Program, Florida International University, 3000 NE 151
St, North Miami, Florida 33181, USA, 2Department of Global Change Research. IMEDEA (CSIC-UIB) Institut Mediterrani d’Estudis Avançats, C/ Miguel
Marqués 21, 07190 Esporles (Mallorca), Spain, 3The UWA Oceans Institute, University of Western Australia, 35 Stirling Highway, Crawley 6009, Australia,
4School of Ocean Sciences, College of Natural Sciences, Bangor University, Askew Street, Menai Bridge, LL59 5AB, UK, 5Institute of Biology, University of
Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark, 6Centre for Advanced Studies of Blanes, (CEAB-CSIC), Acceso Cala S. Francesc 14,
17300 Blanes, Spain, 7Institute of Oceanography, Hellenic Centre for Marine Research, PO Box 2214, 71003, Heraklion—Crete, Greece, 8School of Plant
Biology, University of Western Australia, Crawley, Western Australia 6009, Australia, 9Department of Bioscience, Aarhus University, Vejlsøvej 25,
DK-8600 Silkeborg, Denmark, 10Department of Environmental Sciences, University of Virginia, PO Box 400123, Clark Hall, Charlottesville, Virginia 22904,
USA. *e-mail: jim.fourqurean@fiu.edu.

Corg storage in seagrass soils has rarely been quantified, because
concurrent measurements of Corg and bulk density have rarely
been reported, and no studies so far have integrated the necessary
measurements for estimating Corg storage in seagrass ecosystems
on a global scale. Given the importance of seagrasses to the
C budget of the oceans8,17, estimating the magnitude of the
pools of Corg provides the first step to our understanding of the
potential impact of the release of stored CO2 from degrading
seagrass meadows to atmospheric CO2 budgets. Widespread
and accelerating losses of seagrass meadows18 underscore the
importance of understanding the significance of these C-rich
ecosystems to global Corg pools.

Here we compiled published and unpublished data on the
Corg content of seagrass living biomass and Corg content and
dry bulk density (DBD) of soils underlying seagrass meadows to
deliver conservative, first-order estimates of the amount of Corg
stored in these ecosystems.

The database on Corg in seagrass meadows contained 3,640
observations from 946 distinct sampling locations across the world
(Supplementary Information). The distribution of the data was
geographically biased (Fig. 2) owing to an imbalance in research
effort across regions19, with most of the data from North America,
Western Europe and Australia. Data were notably scarce from
South America and Africa. Furthermore, given the spatial extent
of seagrasses in the tropical Indo-Pacific, relatively few data points
represented this region.
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Estimating Global ‘‘Blue Carbon’’ Emissions from
Conversion and Degradation of Vegetated Coastal
Ecosystems
Linwood Pendleton1., Daniel C. Donato2*., Brian C. Murray1, Stephen Crooks3, W. Aaron Jenkins1,

Samantha Sifleet4, Christopher Craft5, James W. Fourqurean6, J. Boone Kauffman7, Núria Marbà8,

Patrick Megonigal9, Emily Pidgeon10, Dorothee Herr11, David Gordon1, Alexis Baldera12
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Abstract

Recent attention has focused on the high rates of annual carbon sequestration in vegetated coastal ecosystems—marshes,
mangroves, and seagrasses—that may be lost with habitat destruction (‘conversion’). Relatively unappreciated, however, is
that conversion of these coastal ecosystems also impacts very large pools of previously-sequestered carbon. Residing
mostly in sediments, this ‘blue carbon’ can be released to the atmosphere when these ecosystems are converted or
degraded. Here we provide the first global estimates of this impact and evaluate its economic implications. Combining the
best available data on global area, land-use conversion rates, and near-surface carbon stocks in each of the three
ecosystems, using an uncertainty-propagation approach, we estimate that 0.15–1.02 Pg (billion tons) of carbon dioxide are
being released annually, several times higher than previous estimates that account only for lost sequestration. These
emissions are equivalent to 3–19% of those from deforestation globally, and result in economic damages of $US 6–42 billion
annually. The largest sources of uncertainty in these estimates stems from limited certitude in global area and rates of land-
use conversion, but research is also needed on the fates of ecosystem carbon upon conversion. Currently, carbon emissions
from the conversion of vegetated coastal ecosystems are not included in emissions accounting or carbon market protocols,
but this analysis suggests they may be disproportionally important to both. Although the relevant science supporting these
initial estimates will need to be refined in coming years, it is clear that policies encouraging the sustainable management of
coastal ecosystems could significantly reduce carbon emissions from the land-use sector, in addition to sustaining the well-
recognized ecosystem services of coastal habitats.
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Introduction

Anthropogenic contributions to atmospheric greenhouse gases
(GHG) are due largely to the combustion of fossil fuels. Land-use
activities, especially deforestation, are also a major source of
GHG, accounting for ,8–20% of all global emissions [1]. While
the role of terrestrial forests as a source and sink of greenhouse
gases is well known, new evidence indicates that another source of
GHG is the release, via land-use conversion, of carbon (C) stored
in the biomass and deep sediments of vegetated ecosystems such as

tidal marshes, mangroves, and seagrass beds. These coastal carbon
stocks are increasingly referred to as ‘‘blue carbon’’ [2,3]. The
exact amount of carbon stored by these ecosystems is still an active
area of research, but the potential contribution to GHG from their
loss is becoming clear. Yet these emissions are so far relatively
unappreciated or even neglected in most policies relating to
climate change mitigation [4]. Here, we estimate the potential
magnitude and economic impact of these previously unaccounted
emissions.
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How much carbon? 
Where? 

What are the potential 
emissions? 





"stabilize greenhouse gas concentrations in the atmosphere at a level that 
would prevent dangerous anthropogenic interference with the climate 
system” (1992) 
 
 
Overarching framework for other treaties or protocols (e.g. Kyoto Protocol, 
Bali Action Plan……) 

 
 
 
 
 
 

United Nations Framework Convention 
on Climate Change (UNFCCC)  

How to integrate coastal 
ecosystems? 
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• Provide guidance for blue carbon policy 
development 

• Build integrated blue carbon community 
 



2013 Supplement to the 2006 
IPCC Guidelines for National 
Greenhouse Gas Inventories: 
Wetlands 
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Coastal Ecosystems in UNFCCC 
mechanisms 
Nationally Appropriate Mitigation Actions (NAMAs) 
•  Measurable, reportable and verifiable nationally appropriate mitigation commitments 

or actions 
•  Funding through multi-/bilateral initiatives providing fast-start finance 
•  Coastal Carbon projects should be eligible 
 
Reducing emissions from deforestation and forest degradation 

(REDD) 
•  Mechanism for recognizing the climate mitigation value of forest management within 

developing countries 
•  Climate mitigation value must be measured, monitored and verified 
•  Numerous funding sources support readiness activities including improving data on 

carbon content and drivers of deforestation and degradation 
•  Mangrove systems are eligible (generally) 

 



Climate Change Mitigation Funding 

NORTH AMERICA

Climate Finance Thematic 
Brie!ng: REDD+ Finance

Liane Schalatek, Heinrich Böll Stiftung and Alice 
Caravani, Smita Nakhooda, Charlene Watson, ODI

Overview
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Table 1: Funds exclusively supporting REDD+  
(USD millions)
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Funds exclusively supporting REDD+ (USD millions) 

Nationally Appropriate Mitigation Actions (NAMA) Facility 
   - Initial funding $100 million (UK and Germany) 

 
Green Climate – 2020 Fundraising Goal  

    - $100 billion per year 
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UNFCCC recognition 
of coastal ecosystems 
October 2013 Workshop 
“Ecosystems with High-Carbon Reservoirs Not 

Covered by Other Agenda Items under the 
Convention” 

•  Current scientific knowledge sufficient to include 
coastal systems in UNFCCC efforts 

•  Support developing countries to include coastal 
systems in GHG inventories 

 
December 2014 
•  Endorsed IPCC guidelines on GHG accounting in 

wetlands 

June 2014 
•  General Recognition of mangroves in REDD 
•  Increasing recognition of coastal ecosystems 

generally 



US EPA -  inclusion of wetlands in 
National GHG inventories 
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Considering “Coastal Carbon” in Existing U.S.
Federal Statutes and Policies

LINWOOD H. PENDLETON,1,2 ARIANA E. SUTTON-GRIER,2
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Coastal ecosystems such as mangroves, salt marshes, and seagrasses provide important
ecosystem services, including nursery habitat for fish, shoreline protection, and the
recently recognized service of carbon sequestration and storage. When these wetland
ecosystems are degraded or destroyed, the carbon can be released to the atmosphere,
where it adds to the concentration of greenhouses gases (GHGs) that contribute to
climate change. Many federal statutes and policies specifically require that impacts
on ecosystem services be considered in policy implementation. Yet, no federal statute,
regulation, or policy accounts directly for the carbon held in coastal habitats. There are
a number of federal statutes and policies for which coastal carbon ecosystem services
could reasonably be added to environmental and ecosystem considerations already
implemented. We look at a subset of these statutes and policies to illustrate how coastal
carbon ecosystem services and values might affect the implementation and outcomes of
such statutes generally. We identify key steps for the inclusion of the ecosystem services
of coastal habitats into the implementation of existing federal policies without statutory
changes; doing so would increase the degree to which these policies consider the full
economic and ecological impacts of policy actions.

Both Pendleton and Sutton-Grier contributed equally to this article.
This article was only possible with the help of many individuals at several federal agencies
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recommendations listed in this article. Aileen Smith, NOAA; Charley Chesnutt, U.S. Army Corps
of Engineers; Dwight Trueblood, NOAA; Marie Bundy, NOAA; Steve Kokkinakis, NOAA; Robyn
Colosimo, U.S. Army Corps of Engineers; Peter Edwards, NOAA; Carolyn Currin, NOAA; Alison
Leschen, Waquoit Bay National Estuary Research Reserve; Tibor Vegh, The Nicholas Institute for
Environmental Policy Solutions, Duke University. We also thank Megan Jungwiwattanaporn for her
help formatting the article. The ideas and opinions contained in this article represent those of the
authors and not those of the National Oceanic and Atmospheric Administration.
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National Environmental Policy Act  
Includes a mandate to consider 

impacts on coastal habitats and 
ecosystem services in 
planning federal actions  

 
Clean Water Act  
Requires compensatory mitigation 

for unavoidable impacts  
Impacts to carbon stores not 

currently considered  
 
Coastal Zone Management Act   
Programs could consider including 

carbon  
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Priority Agenda 
Enhancing the Climate Resilience  

of America’s   
   Natural Resources 

                                              COUNCIL ON CLIMATE PREPAREDNESS AND RESILIENCE 

  

 

2 
 

 

 

5 
 

Key Themes and Commitments Moving Forward:  
This Agenda identifies four  priority  strategies  to  make  the  Nation’s  natural  resources  more  
resilient to a changing climate.  For each strategy, the Agenda documents significant progress 
and provides a roadmap for action moving forward.  Highlights of the key actions agencies will 
undertake in the near term to implement each of the four strategies are described below and in 
Table 1.  

1. Foster climate-resilient lands and waters –  Protect important 
landscapes and develop the science, planning, tools, and practices to sustain and 
enhance  the  resilience  of  the  Nation’s  natural  resources.   

Key actions include the development of a Resilience Index1 to measure the 
progress of restoration and conservation actions and other new or expanded resilience 
tools to support climate-smart natural resource management.  Agencies will identify and 
prioritize landscape-scale conservation opportunities for building resilience; fight the 
introduction and spread of invasive species; and partner internationally to promote 
resilience within the Arctic.  Throughout, agencies will evaluate resilience efforts to 
inform future actions.  

2. Manage and enhance U.S. carbon sinks –  Conserve and restore soils, 
forests, grasslands, wetlands, and coastal areas that store carbon.  Maintain and 
increase the capacity of these areas to provide vital ecosystem services alongside 
carbon storage such as clean air and water, wildlife habitat, food, fiber, and 
recreation. 

Key actions include the development of improved inventory, assessment, projection and 
monitoring systems for important carbon sinks and the development of estimates of 
baseline carbon stocks and trends to inform resource management.  A number of actions 
will secure the continued health of the Nation’s  natural resources that provide carbon 
biosequestration, including forests, agricultural lands, and inland and coastal wetlands. 

3. Enhance community preparedness and resilience by utilizing and 
sustaining natural resources –  Harness the benefits of nature to protect 
communities from harm and build innovative 21st century infrastructure that 
integrates natural systems into community development.  

Federal agencies will take action to encourage investment in natural infrastructure to 
improve resilience and enhance natural defenses through new federal guidance on 
ecosystem services assessment, an actionable research agenda, rigorous program 
evaluation, and expanded decision support tools and services.  Federal agencies will 
increase assistance to states, tribes and localities interested in pursuing green stormwater 
management solutions and will expand partnerships that reduce wildfire risk and protect 
critical drinking water supplies, promote irrigation efficiency and water efficiency, 

                                                           
1 See page 19.   
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2000 - 2005 Rate of loss:   50 000 ha/year  (1.6%)      (FAO 2007) 
 
 
 
 
 
 
 
 

       
 

Indonesia – Richest Coastal 
Carbon Country? 

Better data were available for some countries and regions than
others. We produced consistent data products across the globe.

Of the total mangrove area, approximately 6.9% is protected
under the existing protected areas network (IUCN protected
areas categories I–VI). This percentage is slightly lower than the
total forest area currently being protected (7.7%) and less than
the 10% target by 2010, as agreed under the Convention on
Biodiversity (CBD).

Our study confirms earlier findings that mangroves are gen-
erally confined to the tropical and subtropical regions of the
world, with a few exceptions. Mangroves extend to 31°22′ N in
Japan and 32°20′ N in Bermuda, and to 38°45′ S in Australia,
38°59′ S New Zealand and 32°59′ S on the eastern coast of South
Africa (Spalding et al., 1997).

Mangrove area decreases with the increase in latitude, except
between 20 and 25° N latitude (Fig. 3), which is where the
Sundarbans are located, the largest tract of mangrove forests in
the world. Despite the highest population density in the world

in its immediate vicinity, the mangrove forests of the Sundar-
bans have not changed in the last 30 years (Giri et al., 2007).
World-wide, species diversity, height and biomass are the
lowest in the northern and southern extremes and increase
toward the tropics. The best developed mangroves can be
found in the Sundarbans, Mekong Delta, Amazon, Madagascar,
Papua New Guinea and Southeast Asia. The Indo-Malesian
region has 48 mangrove species (Duke et al., 1998), the
highest species diversity anywhere in the world. Although the
exact reasons for species diversity can be debated, the conser-
vation and sustainable management of this diversity are
critical.

Caveats

Moderate-resolution satellite data such as Landsat contain
enough detail to capture mangrove forest distribution and
dynamics. However, very small patches (< 900–2700 m2) of
mangrove forests along the coast and canals will not be identi-
fied from these data. High-resolution satellite data (e.g.
IKONOS, QuickBird) or aerial photographs are needed to assess
and monitor those areas. However, those very small areas will
not make a substantial difference in the global total (Wilkie and
Fortune, 2003).

The use of multitemporal Landsat satellite data at a global
scale poses a number of challenges, such as data availability,
cloudy pixels and noisy pixels. Ideally, it is better to use the data
acquired in the same year or season. However, GLS 2000 data
used in this study were acquired from 1997 to 2000. The use of
multiyear data for global land-use/land-cover assessment and
monitoring is not uncommon (Achard et al., 2002; Loveland &
DeFries, 2004). The data are relatively cloud free and noise free.
However, when cloud and shadow pixels were present, we used
additional Landsat or ASTER images to derive information on
those areas.

Table 1 The 15 most mangrove-rich
countries and their cumulative
percentages. [Correction added on 3
September 2010, after first online
publication: Table 1 column heading
“Area (m2)” corrected to “Area (ha)”.]

SN Country Area (ha) % of global total Cumulative % Region

1 Indonesia 3,112,989 22.6 22.6 Asia
2 Australia 977,975 7.1 29.7 Oceania
3 Brazil 962,683 7.0 36.7 South America
4 Mexico 741,917 5.4 42.1 North and Central

America
5 Nigeria 653,669 4.7 46.8 Africa
6 Malaysia 505,386 3.7 50.5 Asia
7 Myanmar (Burma) 494,584 3.6 54.1 Asia
8 Papua New Guinea 480,121 3.5 57.6 Oceania
9 Bangladesh 436,570 3.2 60.8 Asia

10 Cuba 421,538 3.1 63.9 North and
Central America

11 India 368,276 2.7 66.6 Asia
12 Guinea Bissau 338,652 2.5 69.1 Africa
13 Mozambique 318,851 2.3 71.4 Africa
14 Madagascar 278,078 2.0 73.4 Africa
15 Philippines 263,137 1.9 75.3 Asia

& &

Figure 2 Comparison of aerial estimates of global mangroves.

Status and distributions of global mangroves
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Mangrove Cover 

Giri et al (2011) 
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a

b

Figure 1 | Examples of Indo-Pacific mangroves. The sample included a
broad range of stand stature, composition, and soil depth. a, Exemplary
large-stature, high-density mangrove dominated by Bruguiera, Borneo,
Indonesia (canopy height >15 m, canopy closure >90%, soil depth >3 m).
b, Exemplary small-stature, low-density mangrove dominated by
Rhizophora, Sulawesi, Indonesia (canopy height <4 m, canopy closure
<60%, soil depth 0.35–0.78 m). Both estuarine and oceanic mangroves
can exhibit both conditions (see Supplementary Table S1).

marine-edge settings, often the coasts of islands with fringing
coral reefs. Seaward distance and geomorphic setting may
influence C dynamics through differences in tidal flushing and
relative importance of allochthonous (river sediment) versus
autochthonous (in situ litter and root production) controls on soil
C accumulation5,16.

We found that mangroves are among the most C-dense forests
in the tropics (sample-wide mean: 1,023MgCha�1 ±88 s.e.m.),
and exceptionally high compared to mean C storage of the
world’s major forest domains (Fig. 2). Estuarine sites contained
a mean of 1,074MgCha�1 (±171 s.e.m.); oceanic sites contained
990± 96MgCha�1. Above-ground C pools were sizeable (mean
159MgCha�1, maximum 435MgCha�1), but below-ground
storage in soils dominated, accounting for 71–98% and 49–90%
of total storage in estuarine and oceanic sites, respectively (Figs 2
and 3). Below-ground C storage was positively but weakly
correlated to above-ground storage (R2 =0.21 and 0.50 in estuarine
and oceanic sites, respectively). Although soil C pools increased
slightly with distance from the seaward edge in oceanic sites
(because of increasing soil depth), changes in both above- and
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Figure 2 | Comparison of mangrove C storage (mean ±95% confidence
interval) with that of major global forest domains. Mean C storage by
domain was derived from ref. 9, including default values for tree, litter, dead
wood, root:shoot ratios, and soils, with the assumption that the top 30 cm
of soil contains 50% of all C residing in soil9, except for boreal forests
(25%). Domain means are presented for context; however some forest
types within each contain substantially higher or lower C stores9,10. In
general, the top 30 cm of soil C are considered the most vulnerable to
land-use change9; however in suboxic peat/muck soils, drainage,
excavation, and oxidation may influence deeper layers29.

below-ground C storage over this distance gradient were highly
variable and not statistically significant (Fig. 3).

So far, quantification of below-ground C storage in man-
groves has been impeded by a lack of concurrent data on soil
carbon concentration, bulk density, and depth, and how these
vary spatially5,21. We found high C concentration (% dry mass)
throughout the top metre of the soil profile, with a decrease
below 1m (Fig. 4a). Carbon concentration was lower in es-
tuarine (mean = 7.9%) versus oceanic (mean = 14.6%) sites.
Soil bulk density (BD) did not differ significantly by setting or
distance from the seaward edge (generally ⇠0.35–0.55 g cm�3),
but did increase with depth (Fig. 4b). Combining C concentra-
tion and BD yielded mean C densities of 0.038 gC cm�3 and
0.061 gC cm�3 in estuarine and oceanic soils, respectively. The
total depth of the peat/muck layer differed between estuarine
and oceanic sites (Fig. 4c) and was the main driver of varia-
tions in below-ground C storage (Fig. 3). Estuarine stands over-
lie deep alluvial sediment deposits, usually exceeding 3m depth;
oceanic stands contained a distinct organic-rich layer overlying
hard coral sand or rock, with peat/muck thickness increasing
from a mean of 1.2m (±0.2 s.e.m.) near the seaward edge to
1.7m (±0.2 s.e.m.) 135m inland (Fig. 4c). In terms of total
below-ground C storage, the shallower soil depth in oceanic man-
groves was compensated in part by higher soil organic C con-
centration (Fig. 4a,c).

These data indicate that high productivity and C flux rates
in mangroves16–22 are indeed accompanied by high C storage,
especially below ground. High per-hectare C storage coupled with
a pan-tropical distribution (total area ⇠14million ha; refs 4,6)
suggests mangroves are a globally important surface C reserve.
Although our sample is not intended to represent all mangrove
types (precluding simple scaling up), some constraints on global
storage can be derived by combining an uncertainty range from
our empirical data (5th to 95th percentile C storage values) with
additional global data on soil C concentration, depth, and standing
biomass16,17,21,23,24 (see Methods in Supplementary Information).
This approach yields an estimate of 4.0–20 PgC globally. This
estimate will undoubtedly be refined, but suggests mangroves add
significantly to tropical wetland forest C storage (for example,
tropical peatlands:⇠82–92 PgC; ref. 12).

2 NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience

Donato et al  
(2011) 
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Indonesia National Science Plan of Action on 
Blue Carbon (Jan 2014) 

Expanding science program (domestic and 
international) 

Indonesian National Council on Climate 
Change  
 The National GHG emissions scheme under 
development, will include coastal carbon 

 
Ministry of Marine Affairs and Fisheries 
 Blue Carbon is an official activity 

 
 
Not included in National GHG inventories…. 
 
 
 
 

 
 

Indonesia – National Activities 



Scottish Natural Heritage
Commissioned Report No. 

Australia 
CSIRO Coastal Carbon 
Cluster 



Blue Carbon Field Projects 



Develop and support policy and management that conserves and 
promotes sustainable use of the mangroves. 
 

Gulf of Nicoya - Costa Rica 



Since 1950  
•  16% loss of mangroves, 
•  2.2 million tonnes of CO2 (eq) 
emissions 
 
Project: 
•  Mangrove restoration and 
conservation 
•  Sustainable management 
•  Community Education  

 

Gulf of Nicoya 

(Cifuentes, personal comm) 
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Potential Carbon-Credit Values 

   For Comparison:   

Carbon Sequestration
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To be able to submit carbon project to a carbon 
registry: 
1. Develop Project 
2. Project Validation (Does the project follow the 
rules of the registry?) 
3. Project monitoring and carbon credit verification 
4. Issuance of carbon credits 

  
Wetlands Projects need: 
Standardized Methodologies for Carbon 
Accounting in wetlands: 
•  Restoration Projects 
•  Conservation Projects 

  

Carbon Markets 





Global and local scale mapping of mangroves, salt marshes, seagrasses 
 - extent 
 - carbon 
 - monitoring 

 
Emissions from healthy and degraded systems 

 - measurements 
 - Models (carbon change, ecosystem shifts…) 
 - Estimates of storage and emissions from  
   priority regions (Indonesia …) 

 
Globally accessible,  quality controlled, Coastal Carbon Data Archive 
 
Seagrasses! 

 - Distribution, carbon estimates, rates of loss,  
   monitoring techniques……. 

  
Standards and methodologies for carbon accounting, emissions estimates 
 
 
 
 

What Policy Needs Now…… 
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http://thebluecarboninitiative.org/ 

Thank you!
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