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Foreword

Climate change is arguably one of the biggest issues facing humanity. World leaders now recognise that urgent 
and signiŬ cant reducǝ ons in our emissions of greenhouse gasses are needed if we are to avoid future dangerous 
climate change. Alongside such measures is an increasingly strong recogniǝ on that there is a need to properly 
manage parǝ cular habitats that act as criǝ cal natural carbon sinks. This is to ensure that they retain as much of 
the carbon trapped in the system as possible, and don’t tend to become ‘sources’ to the atmosphere through 
poor management. OƊ en the release of trapped carbon as carbon dioxide is accompanied by the release of other 
powerful greenhouse gases such as methane, and this situaǝ on exacerbates an already concerning global climate 
situaǝ on.

In recent decades there has been a signiŬ cant focus, quite rightly, on major carbon sinks on land such as forests, 
parǝ cular soil types and peatland habitats. These are ecosystems that by their ecology inherently hold vast reser-
voirs of carbon, and where management can be put in place to aǧ empt to retain such reserves within the natural 
systems. The challenge is to recognise other carbon sinks that could contribute and ensure that they too are sub-
ject to best pracǝ ce management regimes. 

Unǝ l now surprisingly liǧ le aǧ enǝ on appears to have been paid to the ocean, despite the fact that this is a criǝ cal 
part of the carbon cycle and one of the largest sinks of carbon on the planet. This lack of aǧ enǝ on may in part be 
due to a mistaken belief that quanǝ Ŭ caǝ on of discreet marine carbon sinks is not possible, and also in the mis-
taken belief that there is liǧ le management can do to sustain such marine carbon sinks.

The origin of this report lies within IUCN’s World Commission on Protected Areas and Natural England in the UK, 
and a joint enthusiasm to address this issue. This iniǝ al enthusiasm sparked the interest of many global partners 
and scienǝ sts when it became apparent that evidence is available that could change the emphasis on the manage-
ment of carbon sinks. There is an urgent need for the global debate and acǝ on now to encompass marine habitats, 
just as we already value and try to best protect more familiar forests and peatlands on land. 

Over the past two years we have sought out and worked with leading scienǝ sts to document the carbon man-
agement potenǝ al of parǝ cular marine ecosystems. It turns out that not only are these habitats highly valuable 
sources of food and important for shoreline protecǝ on, but that all of them are amenable to management as on 
land when it comes to considering them as carbon sinks. In the ocean this management would be through tools 
such as Marine Protected Areas, Marine Spaǝ al Planning and area-based Ŭ sheries management techniques.  This 
report documents the latest evidence from leading scienǝ sts on these important coastal habitats. 

Given the importance of examining all opǝ ons for tacking climate change we hope the evidence in this report will 
help balance acǝ on across the land/sea divide so we don’t just think about avoiding deforestaǝ on, but we also 
think about similarly criǝ cally important coastal marine habitats. We hope this report will, therefore, serve as a 
global sǝ mulus to policy advisors and decision makers to encompass coastal ecosystems as key components of the 
wide spectrum of strategies needed to miǝ
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Scale of Units used

Value Symbol Name

103 g kg kilogram
106 g Mg megagram (tonne)
109 g Gg gigagram
1012 g Tg teragram
1015 g Pg petagram
1018 g Eg exagram
1021 g Zg zeǧ agram

One Gigatonne = 1000 Teragrams
One hectare = 10,000 m2
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This report focuses on the management of natural 
coastal carbon sinks. The producǝ on of the report has 
been sǝ mulated by an apparent lack of recogniǝ on 
and focus on coastal marine ecosystems to comple-
ment acǝ viǝ es already well advanced on land to ad-
dress the best pracǝ ce management of carbon sinks. 
The producǝ on of this report is ǝ mely as a number of 
Governments are now introducing legislaǝ on to tackle 
climate change. In the UK, for example, the Climate 
Change Act sets out a statutory responsibility to quan-
ǝ fy natural carbon sink as part of the overall carbon 
accounǝ ng process. It is important that such quanǝ Ŭ -
caǝ ons and processes work with the latest science and 
evidence.

To construct this report we asked leading scienǝ sts 
for their views on the carbon management potenǝ al 
of a number of coastal ecosystems:  ǝ
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types. Having comprehensive habitat inventories 
is criǝ cally important and this report highlights 
the urgent need, alongside recognising the 
carbon role of such ecosystems, to ensure that 
such inventories are completed for saltmarsh 
and kelp forests and then all such inventories are 
eũ ecǝ vely maintained over ǝ me.

• These coastal marine ecosystems are also vital 
for the food security of coastal communiǝ es 
in developing countries, providing nurseries 
and Ŭ shing grounds for arǝ sanal Ŭ sheries. 
Furthermore, they provide natural coastal 
defences that miǝ gate erosion and storm acǝ on. 
Therefore, beǧ er protecǝ on of these ecosystems 
will not only make carbon sense, but the co-beneŬ ts 
from ecosystem goods and services are clear.

• SigniŬ cant losses are occurring in the global 
extent of these criǝ cal marine ecosystems due 
to poor management, climate change (especially 
rising sea levels), coupled to a lack of policy 
priority to address current and future threats.  

• Certain human impacts – notably nutrient and 
sediment run-oũ  from land, displacement of 
mangrove forests by urban development and 
aquaculture, and over-Ŭ shing - are degrading these 
ecosystems, threatening their sustainability and 
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As the evidence grows about the eũ ects climate 
change is having on the environment, so too does the 
interest in and acǝ ons to address the underlying causes 
– regulaǝ on of anthropogenic emissions of greenhouse 
gases into the atmosphere, avoiding deforestaǝ on, 
management and protecǝ on of other natural terrestrial 
carbon sinks, and the development of Ŭ scal measures 
that place a value on carbon and therefore provide an 
economic incenǝ ve to reduce emissions.  

The ocean is the largest carbon sink on Earth but there 
has been scant aǧ enǝ on paid to coastal and marine 
ecosystems when considering acǝ ons to address 
climate change concerns. Within that context the 
producǝ on of this report was sǝ mulated by an interest 
in why coastal habitats were not being considered 
as important carbon sinks on a global scale – the 
focus other than in some popular books on the topic 
seems to be predominantly on terrestrial ecosystems, 
parǝ cularly forests, certain soil types and peatlands. 
This concern was brought into sharp focus in 2007 - 
2008 when undertaking the research for a report by 
Natural England on Carbon Management by Land and 
Marine Managers (Thompson, 2008). It rapidly became 
evident that coastal and marine ecosystems are vital 
global carbon stores but that it was not easy to Ŭ nd the 
evidence base to substanǝ ate this claim. 

A clear robust raǝ onale was required to progress eũ orts 
to include coastal carbon issues in broader climate 
discussions or heighten the need to manage beǧ er 
and protect these ecosystems. Alongside the Natural 
England work, in 2008 IUCN’s World Commission on 

Protected Areas released their global Plan of Acǝ on 
(Laũ oley, 2008). This set out the overall framework 
and direcǝ on for the work of the World Commission in 
marine environments. Within the framework it includes 
a strategic acǝ vity of bringing together work on Marine 
Protected Areas with acǝ ons to address climate change, 
food security and human health. The development 
of this report on coastal carbon management is a 
result of the Natural England and IUCN acǝ viǝ es, and 
a parǝ cular contribuǝ on to the global Plan of Acǝ on 
for Marine Protected Areas. With ongoing support 
from the Lighthouse Foundaǝ on, the United Naǝ ons 
Environment Programme (UNEP) has also come on 
board to collaborate with IUCN and Natural England, 
further adding weight to this innovaǝ ve report.

The logic behind this report is to aǧ empt to quanǝ fy 
the greenhouse gas implicaǝ ons of the management 
of parǝ cular coastal ecosystems, being careful to 
choose those whose management can be inƅ uenced 
by applicaǝ on of exisǝ ng policy agreements and 
well established area-based management tools and 
approaches.  Only the management of natural carbon 
sinks can be included in a countries naǝ onal inventory 
of greenhouse gas emissions and sequestraǝ on 
and therefore count towards their climate change 
miǝ gaǝ on commitments.

It follows that if management of such habitats delivers 
clear and quanǝ Ŭ able greenhouse gas beneŬ ts, and 
tools exist to secure their best management, then this 
opens up a new range of possibiliǝ es for beǧ er valuing 
them in terms of meeǝ ng internaǝ onal climate change 

Introducǝ on
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Introducǝ on

objecǝ ves.  If we want to maximize the potenǝ al for 
natural carbon sequestraǝ on, then it is imperaǝ ve that 
we draw together the evidence base and protect these 
valuable coastal marine ecosystems as an addiǝ onal 
opǝ on to add to our porǜ olio for miǝ gaǝ ng climate 
change. The challenge, however, is that liǧ le concerted 
aǧ enǝ on has previously been applied to this issue, 
thus hindering the development of naǝ onal plans that 
might include recogniǝ on and improved protecǝ on of 
coastal carbon sinks.

The focus of this report is therefore on collaǝ ng and 
publishing the science of carbon sinks for an iniǝ al 
set of Ŭ ve key coastal ecosystems. These are coastal 
ecosystems that not only meet the above potenǝ al 
carbon sink and management criteria, but that are 
already highly valued for their contribuǝ on to marine 
biodiversity and the goods and services that they 
provide:  ǝ
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Introducǝ on

producǝ ve buũ er zones that deliver valuable ecosystem 
goods and services that have signiŬ cant potenǝ al for 
addressing the adverse eũ ects of climate change.”
In addressing the needs of these ecosystems addiǝ onal 
costs may be incurred, but what are the hidden costs of 
not achieving carbon reducǝ on goals?

In the following secǝ ons we set out the views of 
 on goals?
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DeŬ niǝ on and global occurrence
Tidal salt marshes are interǝ dal ecosystems vegetated 
by a variety of primary producers such as macroalgae, 
diatoms and cyanobacteria, but physically dominated 
by vascular plants.  Vascular plants are absent from the 
ǝ dal ƅ ats oƊ en found adjacent to the seaward edge of 
ǝ dal salt marshes.  In contrast to eelgrass communiǝ es 
which may be found on the edge of the lowermost 
interǝ dal zone, survival of the dominant vascular 
plants is dependent upon exposure to the atmosphere.  
During photosynthesis the marsh’s vascular plants 
uptake carbon dioxide from the atmosphere, in 
contrast to eelgrass which uptakes carbon dioxide 
dissolved in seawater.

Chapman (1977) described the dominant plant forms of 
the marsh and how they vary geographically.  Perennial 
grasses such as Sparǝ na alterniƅ ora and Sparǝ na 

patens are dominant along much of the Atlanǝ c coast 
of North and South America. In some other regions 
perennial broad-leaved herbaceous plants dominate, 
such as Atriplex portuloides along porǝ ons of Europe’s 
coast.  Perennial succulents such as the related 
Salicornia, Sarcocornia or Arthrocnemum species 
that grow to shrub size tend to dominate coastlines 
of Mediterranean climates where, dry, hot summers 
cause soils to develop hypersaline condiǝ ons.

Tidal salt marshes occur on sheltered marine and 
estuarine coastlines in a range of climaǝ c condiǝ ons, 
from sub arcǝ c to tropical, but are most extensive in 
temperature climates.  Although it is oƊ en reported 
that mangrove trees replace salt marsh vegetaǝ on on 
tropical coasts salt marshes may exist above the higher 
elevaǝ on of the swamp. 

Tidal Salt Marshes

Gail L Chmura
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Global Environmental and Climate Change Centre (GEC3) 
and Associate Professor, Department of Geography

McGill University
805 Sherbrooke St W, Montreal, QC  H3A 2K6  Canada

+1 514 398-4958
www.mcgill.ca/gec3

gail.@mcgill.ca

Fast facts
• Interǝ dal ecosystems dominated by vascular plants.
• Occur on sheltered marine and estuarine coastlines from the sub-arcǝ c to the tropics, but most extensive 

in temperate climates.
• Their soils store 210 g C m-2yr-1.  This is a substanǝ al rate and the carbon stored in ǝ dal salt marsh soils of 

the USA comprises 1-2% of its total carbon sink.
• Each molecule of CO2 sequestered in soils of ǝ dal salt marshes and their tropical equivalents, mangrove 

swamps, probably has greater value than that stored in any other natural ecosystem due to the lack of 
producǝ on of other greenhouse gases.  In contrast to freshwater wetland soils, marine wetlands produce 
liǧ le methane gas, which is a more potent greenhouse gas than CO2.  The presence of sulphates in salt 
marsh soils reduces the acǝ vity of microbes that produce methane.

• Extensive marsh areas have been lost from dredging, Ŭ lling, draining, construcǝ on of roads and are now 
threatened by sea level rise. 

• Restoraǝ on of ǝ dal salt marshes can increase the world’s natural carbon sinks.  Returning the ǝ des to 
drained agricultural marsh can also signiŬ cantly increase this carbon sink. 

• Sustainability of marshes with acceleraǝ ng sea level rise requires that they be allowed to migrate inland.  
Development immediately inland to marshes should be regulated through establishment of buũ er zones. 
Buũ er zones also help to reduce nutrient enrichment of salt marshes, another threat to this carbon sink.
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Tidal Salt Marshes

are an important source of marsh primary producǝ on.  
Sullivan and Currin (2000) compared the annual 
producǝ on of benthic microƅ ora to vascular plants in 
salt marshes of the three U.S. coastlines.  Microƅ oral 
producǝ on ranged from 8% of vascular plant 
producǝ on in Texas to 140% in a California salt marsh. 
The biomass of benthic microƅ ora may comprise a 
signiŬ cant porǝ
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Tidal Salt Marshes

in elevaǝ on, tracking changes in sea level (Ŭ gure 2).  
Paleoenvironmental studies of marsh soils (e.g., Shaw 
and Ceman, 1999) have documented both increase in 
surface elevaǝ on and lateral accreǝ on of marsh soils 
as marsh plants colonize mudƅ ats to the seaward side 
and adjacent terrestrial or wetlands environments to 
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Tidal Salt Marshes

disrupt components of the ecosystem, the potenǝ al 
for carbon storage depends on sustainability of marsh 
accreǝ on, thus maintenance of vegetaǝ on cover.

Disrupǝ on of coastal food webs can have unanǝ cipated 
cascade eũ ects that result in increased populaǝ ons of 
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Tidal Salt Marshes

distance marshes from sites where nutrients are 
applied and take up nutrients in vegetaǝ on and soils, 
thus reducing the level reaching the marsh.  Terrestrial 
buũ ers can help ensure sustainability of marshes with 
acceleraǝ ng sea level rise, allowing them to migrate 
inland.  Development immediately inland to marshes 
should be discouraged and, if possible, regulated 
through establishment of buũ er zones.

Restoraǝ on of ǝ dal salt marshes is an excellent 
way to increase the world’s natural carbon sinks.  
Returning the ǝ des to drained agricultural marsh can 
make a signiŬ cant increase in the salt marsh carbon 
sink.  The U.K.’s managed realignment program, to 
shiƊ  embankments inland and restore ƅ ooding of 
agricultural marshes, is a progressive form of coastal 
management that not only deals with the threat 
of sea level rise, but promises to enhance carbon 
sequestraǝ on as ǝ dal salt marshes recover.  Such 
policies should be considered in other regions.  For 
example, Connor et al. (2001) esǝ mated that if all of 
Bay of Fundy marshes “reclaimed” for agriculture could 
be restored, the rate of carbon dioxide sequestered 
each year would be equivalent to 4-6% of Canada’s 
targeted reducǝ on of 1990-level emissions under the 
Kyoto Protocol. 
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Mangroves

DeŬ niǝ on and global occurrence
Mangrove forests are a dominant feature of 
many tropical and subtropical coastlines, but are 
disappearing at an alarming rate. The main causes 
for the rapid destrucǝ on and clearing of mangrove 
forests include urbanizaǝ on, populaǝ on growth, water 
diversion, aquaculture and salt-pond construcǝ on 
(e.g. Farnsworth & Ellison 1997). On a global scale, 
mangrove plants are found throughout the tropical 
and subtropical regions of the world, and two species 
of Avicennia have penetrated into the warm temperate 
areas of both hemispheres. The global distribuǝ on 
of mangroves generally matches the winter 20°C 
isotherm. Mangroves are trees, shrubs, palms or 
ground ferns which normally grow above mean sea 
level in the interǝ dal zone of marine, coastal, or 
estuarine environments. Thus, mangrove plants do 
not form a phylogeneǝ cally related group of species 
but are rather species from very diverse plant groups 
sharing common morphological and physiological 
adaptaǝ ons to life in the interǝ dal zone, which have 
evolved independently through convergence rather 
than common descent. The most recent global data 
compilaǝ on suggests a current global areal extent of 
about 152,000 km² (FAO 2007), with Indonesia and 
Australia together hosǝ ng about 30% of this area. 

Mangrove goods & services
Besides the role mangroves play in the carbon cycle, 
mangrove ecosystems have a wide range of ecological 
and socio-economical funcǝ ons. 

For many communiǝ es living within or near to mangrove 
forests in developing countries, mangroves consǝ tute 
a vital source of income and resources, providing a 
range of natural products such as wood (for Ŭ rewood, 
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Mangroves

to adjacent ecosystems in organic form (dissolved 
or parǝ culate) where it can either be deposited in 
sediments, mineralized, or used as a food source by 
faunal communiǝ es. 

In the context of CO2 sequestraǝ on, the relevant carbon 
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Mangroves

fracǝ on (<10%) of the overall net primary producǝ on, 
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Mangroves

assessing whether the funcǝ onal properǝ es (including 
carbon sequestraǝ on and primary producǝ vity) 
have been restored through management in regions 
where restoraǝ on/rehabilitaǝ on projects have been 
implemented (e.g., Twilley et al. 1998, Samson & Rollon 
2008). Recent reviews indicate that newly created 
mangrove ecosystems may or may not resemble the 
structure and funcǝ on of undisturbed mangrove 
ecosystems and that objecǝ ves should be clearly 
established before any major small or landscape level 
rehabilitaǝ on is implemented (Kairo et al. 2001, Lewis 
2005, Twilley & Rivera-Monroy 2005). 

To our knowledge, there is no published informaǝ on 
describing projects speciŬ cally aiming to enhance 
carbon sequestraǝ on through restoraǝ on or 
rehabilitaǝ on. However, a good indicator of potenǝ al 
magnitude of this sink is informaǝ on reported 
for mangrove plantaǝ ons or sites undergoing 
rehabilitaǝ on. Aboveground biomass esǝ mates in 
replanted mangroves stand have varied from  5.1 Mg 
ha-1
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also have the potenǝ al of providing an eŶ  cient sink 
of CO2, both on short and longer ǝ me-scales (i.e. 
biomass producǝ
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Seagrass Meadows

has been esǝ mated to between 0.6 million km2 
(Charpy-Roubaud & Sournia, 1990) and  0.3 million 
km2 (Green & Short, 2003; Duarte et al., 2005), with 
the laǧ er esǝ mate taking into account reports of long-
term decline rates in seagrass coverage. Although 
seagrass meadows cover a relaǝ vely small porǝ on of 
the ocean (approx 1%), they play an important role 
in the coastal zone and provide ecosystem goods and 
services that have been esǝ mated to be of high value 
compared with other marine and terrestrial habitats 
(Costanza et al., 1997). Furthermore, the presence of 
seagrass meadows is global, unlike mangroves, corals 
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making the role of seagrasses in the oceanic carbon 
budget proporǝ onally more signiŬ cant than expected 
from their cover or primary producǝ on alone (Smith, 
1981). 

Many seagrasses also deposit considerable amounts 
of carbon in their below-ground ǝ ssues with raǝ os of 
below-ground to above-ground biomass ranging from 
0.005 to 8.56 (Duarte & Chiscano, 1999). Larger seagrass 
species tend to develop high below-ground biomass 
and hence have a greater capacity for accumulaǝ on 
of carbon due to the relaǝ vely slow turnover of the 
roots and rhizomes (40 days to 19 years). The seagrass 
species Posidonia oceanica can bury large amounts of 
the carbon it produces, resulǝ ng in partly mineralised, 
several metres thick, underground maǧ es with an 
organic carbon content of as much as 40 %. These 
maǧ es can persist for millennia, thus represenǝ ng a 
long-term carbon sink (Pergent et al., 1994; Romero et 
al., 1994; Mateo et al., 1997, 2006).

2. Carbon cycling in the ecosystem and its importance 
as a carbon sink
Fate of carbon: The proporǝ on of biomass produced 
by seagrasses that is directed into carbon storage is 
dependent on the extent to which carbon is channelled 
through herbivory, export and decomposiǝ on.  

Esǝ mates of herbivory, decomposiǝ on and export all 
vary greatly due to the intrinsic properǝ es of individual 
species and although carbon ƅ uxes in diũ erent species 
may follow the same general routes, the relaǝ ve 
importance of the diũ
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Seagrass Meadows

can be preserved (see Short et al., 2002, Short & 
Burdick, 2005, Björk et al., 2008). To provide the most 
favourable condiǝ ons a number of requirements must 
be met. 1. A high water quality, This mean low turbidity 
waters, low concentraǝ ons of coloured dissolved 
organic maǧ er and low levels of eutrophicaǝ on. All of 
these will ensure that the waters support suŶ  cient light 
penetraǝ on for seagrasses to thrive. 2. Good sediment 
condiǝ ons. The sediments should experience only low 
levels of disturbance/mechanical perturbaǝ ons, low 
carbon accumulaǝ on rates and low concentraǝ ons 
of sulphide. 3. Maintenance of geneǝ c variability and 
connecǝ vity with other biological systems, and 4. 
Favourable water movement

In recent years it has become evident that these 
requirements cannot be met without creaǝ ng a public 
awareness of the purpose of the management plans, 
and ensuring the parǝ cipaǝ on by stakeholders, both 
in planning and implementaǝ on of management 
strategies. 

Management aimed at preserving especially high 
carbon storage capacity:  There are certain features 
of seagrasses that can enhance their potenǝ al to act 
as important sites for carbon storage. The low nutrient 
concentraǝ ons and high proporǝ on of structural carbon 
in seagrass ǝ ssues, enhance carbon accumulaǝ on 
in the meadow by slowing down the destrucǝ on of 
organic carbon, and the large proporǝ on of below 
ground biomass enhance carbon accumulaǝ on in the 
meadow by burying organic carbon quickly, before it 
can be exported from the meadow. It follows that the 
greatest proporǝ on of organic carbon preserved in the 
sediments will be found in meadows consisǝ ng of slow 
growing species with a high allocaǝ on of biomass to 
the growth of below ground organs. 

Of all the seagrasses studied, Posidonia oceanica 
probably represents one of the best species for carbon 
storage; it is also the best studied species in terms of 
carbon burial and probably provides the best esǝ mate 
of the size of the carbon sink in at least one area of our 
coastal oceans. Posidonia oceanica is widespread and 
endemic to the Mediterranean and sustains carbon 
burial rates of 17-191 g Cm-2 yr-1, forming a maǧ e that 
can be thousands of years old.  The thickness of the 
maǧ e in one bay of the NW Mediterranean has been 
recently esǝ mated using high-resoluǝ on seismo-
acousǝ c imaging (Iacono et al., 2008), allowing the 
carbon accumulaǝ on to be calculated at 0.18 Mg m-2. 
Given that Posidonia oceanica is thought to cover 

0.035 million km2 of the Mediterranean, the sediments 
below Posidonia oceanica meadows could represent 
a store of ~6 x 1015 tonnes of carbon, with a carbon 
accumulaǝ on rate of between  0.6-7 MgC yr-1 or 2-24% 
of global seagrass burial. 

Although Posidonia oceanica may appear to make 
the Mediterranean a hot spot in terms of carbon 
burial, other seagrass species may, although today 
undiscovered, have similar potenǝ al for carbon burial. 
Even species with a lower carbon burial but a more 
widespread distribuǝ on may actually make a larger 
overall contribuǝ on to global carbon storage. Thus 
to make accurate predicǝ ons concerning the fate of 
seagrass producǝ on on a global scale, reliable esǝ mates 
of the distribuǝ on and density of the dominaǝ ng 
seagrass species in all diũ erent biogeographical regions 
and the potenǝ al of each species for carbon burial 
would be needed. These Ŭ gures for seagrasses are not 
currently available as shown in a review of the literature 
on seagrass ecology (Duarte 1999). Of the papers 
reviewed in this study, 25% related to the ecology of 
just two of the seagrass species (Thalassia testudinium 
+ Posidonia oceanica) and there was a geographic bias 
in published results, with 50% of the studies being 
undertaken in Caribbean and Mediterranean seagrass 
meadows. 

Thus today, although we can only approximate the 
current importance of seagrass meadows as a carbon 
sink, the recent focus within the scienǝ Ŭ c community 
on global change and the importance of natural 
carbon sinks has resulted in a large number of research 
projects aiming at making it possible to incorporate the 
biogeography of seagrass species and their propensity 
for carbon storage into an accurate global carbon 
budget.
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Kelp forests consist of conspicuous assemblages of 
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up to 3 m in height, while low-lying prostrate species 
form a canopy covering the boǧ om.  Mann (2000) 
characterized kelp forests by their dominant genera and 
recognized three general types, those dominated by 
Laminaria, Ecklonia, and Macrocysǝ s.  Laminaria is the 
dominant genera in the eastern and western Atlanǝ c 
and western PaciŬ c, Ecklonia is prevalent in Austral 
Asia and South Africa, and the giant kelp Macrocysǝ s 
dominates in the eastern PaciŬ c oũ  the coasts of North 
and South America.

Although kelps are technically restricted to the order 
Laminariales, large brown algae in the Order Fucales 
are occasionally referred to as kelps.  Much like 
kelps, these fucalean algae (commonly referred to as 
rockweeds) occur world wide, but unlike kelps they are 
most diverse in the Southern Hemisphere where they 
form dense forests subǝ dally (Schiel and Foster 1986).

Goods and services
Economically, kelp forests are one the most important 
marine ecosystems in temperate regions.  They are the 
primary habitat for many commercial and recreaǝ onal 
Ŭ sheries that include a wide diversity of mollusks, 
crustaceans, and Ŭ nŬ sh (Foster and Schiel 1985, Mann 
2000, Graham et al. 2007b).  Kelp itself is harvested 
for a wide range of uses such as food, food addiǝ ves, 
pharmaceuǝ cal and cosmeǝ c applicaǝ ons, animal 
fodder, and biofuel (Neushul 1987, Leet et al. 1992).  In 
addiǝ on, vast amounts of kelp are grown commercially 
in marine farms in many parts of the world where it is 
harvested for human and animal consumpǝ on (Tseng 
1981, Guǝ errez et al. 2006).

In addiǝ on to provisioning services, kelp forests 
provide many regulaǝ ng and cultural services as well.  
Importantly, they consǝ tute one of the most diverse 
marine systems in temperate regions.  As foundaǝ on 
species (sensu Dayton 1975) kelps provide the main 
source of food and shelter for many forest inhabitants 
(Schiel and Foster 1986), and they exert a profound 
inƅ uence on the abundance and distribuǝ on of the 
vast number of species that associate with them 

(Eckman and Duggins 1991, Graham 2004, Arkema et 
al. 2009). As such kelp forests play a criǝ cally important 
role in the conservaǝ on of biodiversity; a ecological 
service that has long been recognized (Darwin 1839).  
The trophic importance of kelp, however, is not limited 
to the area within kelp forests as the majority of kelp 
biomass can be exported out of the forest to adjacent 
habitats where it has been shown to be an important 
dietary component of terrestrial, interǝ dal and deep 
sea food webs (Polis and Hurd 1996, Harrold et al. 
1998, Dugan et al. 2003). 

Kelp forests also have high recreaǝ onal value for 
Ŭ shing, diving, and boaǝ ng, and they are a favorite 
area for sightseeing and photographing marine birds 
and mammals.  Importantly, kelp forests provide many 
opportuniǝ es for educaǝ on.  They are a popular exhibit 
at most public aquaria, and they serve as a natural 
laboratory and classroom for training marine scienǝ sts 
and the general public at large, which enhances 
stewardship of the ocean and its resources. 

Biomass and producǝ on
Kelps dominate the autotrophic biomass and 
producǝ on of shallow rocky substrates in temperate 
and arǝ c regions of the world (Mann 2000).  A complete 
survey of the world’s kelp forest has never been done.  
The length of all coastlines where kelp forests are 
expected to occur has been esǝ mated at 58,774 km of 
which about 30,000 km are believed to have signiŬ cant 
kelp forests (de Vouys 1979).  Deriving esǝ mates of 
the global standing crop of kelp on these coastlines is 
challenging because the biomass density and cross-
shore width of kelp forests vary greatly with species, 
ǝ me (both seasonally and inter-annually), and locaǝ on 
(both within and among sites).  If one was to assume 
that kelp forests were restricted to coastlines with 
signiŬ cant kelp and had  an average biomass density of 
500 g C m-2 (Table 1), and an average forest width of 500 
m, then the global kelp standing crop would be ~7.5  Tg 
C.  Understory algae associated with kelp forests may 
increase the standing crop of the ecosystem by 20% 

Wet g / m2 g C / m2 Reference

Laminaria 4,800 – 16,000 220 - 720 Mann 1972a
Ecklonia 6,000 – 18,000 270 - 610 Mann 2000
Macrocysǝ s 70  - 22,000 21- 660 Foster & Schiel 1985
Understory algae  within 
Macrocysǝ s forests 2 – 4,800 0.6 - 144 Foster & Schiel 1985

Table 1.  Esǝ mates of standing biomass for three common kelp genera and for understory algae within Macrocysǝ s forests 

(other than Macrocysǝ s). Dry wt was assumed to be 15% of wet wt for Laminaria and Ecklonia and 10% for Macrocysǝ s and its 

associated understory; carbon wt was assumed to be 30% of dry wt for all species (Mann 1972, Rassweiler et al. 2008).  
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or more (Table 1).  This esǝ mate does not account for 
deep (30 m – 200 m) kelp in unexplored tropical waters, 
which Graham et al. (2007) esǝ mated at > 23,500 
km2 using an oceanographic-ecophysiological model 
that accurately idenǝ Ŭ ed known kelp populaǝ ons.  If 
their model predicǝ ons are accurate, then the global 
standing crop of kelp could be as much as 20 Tg C. 

Kelps are among the fastest growing autotrophs in 
the world with growth rates averaging up to 2 to 4% 
of the standing biomass per day (Wheeler and Druehl 
1986; Reed et al. 2008).  The high growth rate of kelps 
is principally responsible for the high rates of primary 
producǝ on recorded for kelp forests, which rank as one 
of the most producǝ ve ecosystems on earth (Table 2).  
The methods used to measure primary producǝ on in 
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aũ ecǝ ng the standing crop of kelps (Dayton 1985, 
Schiel and Foster 1986).  It has been suggested that 
the deep water forests in tropical regions may serve 
as a spaǝ al refuge for kelp during extended periods 
of climate change (Santelices 2007).  In any case, 
climate related changes will undoubtedly aũ ect the 
enǝ re forest community of kelp, algal compeǝ tors, 
invertebrate grazers, and vertebrate predators.  The 
impacts of climate change on kelp will undoubtedly be 
inƅ uenced by direct and indirect interacǝ ons involving 
a suite of forest inhabitants. 

Management
The most prudent approach to managing the world’s 
kelp forests is to avoid, prevent, or limit habitat 
degradaǝ on and loss caused by humans.  Kelp forests 
require good water quality and suitable hard substrate 
for aǧ achment. Consequently, management pracǝ ces 
aimed at protecǝ on should focus on policies that 
preserve water quality and rocky habitats in areas where 
kelp forests are found.  Chief among these should be 
policies that restrict the chronic discharge of municipal 
and industrial waste waters into the nearshore, and 
land use pracǝ ces that elevate the concentraǝ ons 
of sediments, nutrients and pollutants in runoũ  
delivered to the ocean.  Degradaǝ on of kelp forests 
caused by the direct and indirect eũ ects of Ŭ shing are 
best managed by restricǝ ng the harvest of kelp and 
associated biota, which can be done using tradi
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Smith and Gaǧ uso show from ocean chemistry that 
coral reefs are not a sink for the greenhouse gas carbon 
dioxide. The point is we cannot count on reefs to clean 
the atmosphere of our carbon dioxide emissions. We 
have to act decisively and do it right now, before it is 
too late.» – Richard B. Aronson, Florida Insǝ tute of 
Technology and President of the Internaǝ onal Society 
for Reef Studies.

Coral reefs support the highest marine biodiversity in 
the world, containing an esǝ mated 25% of all marine 
species (Roberts, 2003). More than 500 million people 
worldwide depend on them for food, storm protec
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instantaneous. The distribuǝ on of the various forms 
of dissolved inorganic carbon among H2CO3, HCO3

- 
and CO3

2- is dependent upon hydrogen ion ac
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of CO3
2- (see equaǝ ons 3, 4 and 7; also Figure 1). As 

a result of this pH shiƊ , equaǝ on 7 is modiŬ ed to the 
general form:

Ca2+ + 2HCO3
-Ҧ CaCO3 + CO2ҧ + H2O (8)

So a curious characterisǝ c of CaCO3 precipitaǝ on 
from water (whether by inorganic precipitaǝ on or 
calciŬ caǝ on) is that the inorganic carbon used in 
the reacǝ on is the HCO3

- in the water, not CO2 in the 
atmosphere. The calciŬ caǝ on process thus actually 
releases CO2 from the water back to the atmosphere, 
rather than removing it from the atmosphere. It will be 
pointed out below that Eq. 8 does not quite explain the 
real world quanǝ taǝ vely. 

First we wish to point out the reason for the counter 
intuiǝ ve result represented by Eq. 8 (Gaǧ uso et al., 
1999a). The long-term (geological ǝ me scale; millions 
of years) CO2 cycle involves release of CO2 from the 
Earth interior into the atmosphere. This delivery is 
geochemically signiŬ cant, but is a small fracǝ on of the 
ƅ uxes among the Earth Surface System reservoirs. As 
the volcanic CO2 emissions are introduced into the 
atmosphere, they induce weathering of volcanically 
derived silicate minerals also emanaǝ ng from the Earth 
interior. The igneous rocks are chemically unstable and 
react (by chemical weathering) with CO2 and water. 
Igneous rocks are diverse in chemical composiǝ on; 
but to relate the carbonate and silicate cycles, we use 
CaSiO3 (wollastonite) as an example of reacǝ ng silicate 
minerals:

CaSiO3 + 2CO2 + H2O Ҧ Ca2+ + 2HCO3
- + SiO2 (9)

This and similar reacǝ ons account for both the DIC and 
the dissolved posiǝ ve ions (caǝ ons) in seawater. The 
HCO3

- — rich water reacts with Ca2+ according to Eq. 8 
to form CaCO3. So the summed eũ ect of  Eqs. 9 and 8 is:

CaSiO3 + CO2 Ҧ CaCO3 + SiO2 (10)

The chemically igneous silicate minerals are chemically 
unstable at Earth Surface temperature and pressure. 
These minerals react with CO2 in the presence of 
water to form the more stable sedimentary minerals 
CaCO3 and SiO2. The atmosphere is the source of CO2 
that dissolves in the water during weathering. That 
dissolved CO2 hydrates and dissociates (primarily to 
HCO3

-, at oceanic pH: Figure 2) and is the source of the 
C that enters CaCO3; the process of forming that CaCO3 
also delivers CO2 from the oceanic DIC back to the 

atmosphere. The important points to this analysis, are 
(a) the demonstraǝ on that CaCO3 precipitaǝ on taken 
alone (Eq. 8) is an atmospheric CO2 source, not a sink, 
and (b) the geochemical explanaǝ on for this result.

As was the case for primary producǝ on (Eq. 5) and 
respiraǝ on (Eq. 6), the back reacǝ on of Eq. 8 occurs 
(CaCO3 dissoluǝ on), is a sink for atmospheric CO2, and 
draws CO2 out of the atmosphere:

CaCO3 + CO2 + H2O Ҧ Ca2+ + 2HCO3 (11)

However, equaǝ on 8 does not quanǝ taǝ vely 
describe what happens when CaCO3 is precipitated 
from seawater (Smith, 1985; Ware et al, 1991 and 
Frankignoulle et al, 1994). Consider seawater with 
pCO2 in equilibrium with the overlying atmosphere 
(equaǝ on 1). Precipitaǝ ng CaCO3 quanǝ taǝ vely 
according to equaǝ on 8, that is, one mole of gaseous 
CO2 release for each mole of CaCO3 precipitaǝ on does 
not apply to seawater due to its buũ ering eũ ect. Put 
simply, some of the CO2 generated by calciŬ caǝ on is 
scavenged by the CO3

2- ions according to: 

CO2 + CO3
2- + H2O -> 2HCO3

- (12)

Removing equimolar amounts of C as CO2 and CaCO3 

from seawater open to the atmosphere would cause 
pCO2(water) to drop below pCO2(air). Yet the physical 
process that drives the CO2 gas out of seawater is 
the pCO2 diũ erenǝ al between the water and air; 
gas moves from the higher-pressure to the lower-
pressure reservoir, so gas evasion occurs only if there 
is a posiǝ ve gradient from water to air. This constraint 
places an upper limit on the raǝ o of CO2 evasion as gas 
to C precipitaǝ on in CaCO3.

At an atmospheric pCO2 of about 350 ppmv, it was 
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Reef Area and Metabolism Area
We use a nominal area of 600,000 km2, as being a 
round-number intermediate in esǝ mates used for coral 
reef area studies (Smith, 1978; Kleypas, 1997; Spalding 
and Grenfell, 1997; Spalding et al., 2001) and recognize 
that inclusion of other shallow to intermediate depth 
tropical to high-laǝ
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Over the last two hundred years, the concentraǝ on 
of carbon dioxide (CO2) in the Earth’s atmosphere 
has increased by more than 30% (IPCC 2007). This 
increase has been driven by the combusǝ on of fossil 
fuels, deforestaǝ on, destrucǝ on of other biological 
carbon reserves, cement producǝ on and other human 
sources of CO2. The current rate of CO2 increase in 
the atmosphere is at least an order of magnitude 
faster than has occurred for millions of years (Doney 
& Schimel 2007), and the current atmospheric CO2 
concentraǝ on is greater than the Earth has experienced 
in at least 800,000 years (Luthi et al. 2008).  These 
changes have dramaǝ c and longterm consequences 
for the Earth’s climate – both atmospheric and 
oceanic – and for all life on Earth.  Resulǝ ng shiƊ s in 
the distribuǝ on and populaǝ on of species and impacts 
on human communiǝ es from the Equator to the poles 
have already being observed (Parmesan 2006).

The Oceans and CO2 Sequestraǝ on
Nearly a third of the anthropogenic CO2 added to the 
atmosphere has been absorbed by the oceans (Sabine 
et al. 2004). Currently, the ocean and land absorb 
similar amounts of CO2 from the atmosphere (Bender 
et al. 2005). However, projecǝ ons suggest that CO2 

absorpǝ on by land sinks may decrease during this 
century (Friedlingstein et al., 2006), while the oceanic 
absorpǝ on of atmospheric CO2 will conǝ nue to grow 
(Orr et al. 2001). The oceans are therefore criǝ cal as 
the ulǝ mate sink for anthropogenic CO2.

The long term implicaǝ ons of climate change for both 
terrestrial and marine systems have lead to strong 
internaǝ onal recogniǝ on of the need to stabilize 
the concentraǝ on of atmospheric CO2 and other 
greenhouse gases. To achieve this, both dramaǝ c 
decreases in the rate of greenhouse gas emissions 

and increases in the sequestraǝ on of atmospheric CO2 
must be rapidly implemented. Ongoing development 
of arǝ Ŭ cial  and geo-engineering  methods of carbon 
sequestraǝ on include techniques for CO2 injecǝ on into 
the deep ocean, geological strata, old coal mines and oil 
wells, and aquifers along with mineral carbonaǝ on of 
CO2. These techniques have potenǝ al for sequestering 
vast quanǝ ǝ es of CO2. However, these techniques are 
expensive, have leakage risks, signiŬ cant potenǝ al 
environmental risk and will likely not be available 
for rouǝ ne use unǝ l 2025 or beyond (Lal 2008). In 
contrast, preservaǝ on and restoraǝ on of naturally 
occurring biological carbon reservoirs represent CO2 
sequestraǝ on opǝ ons that are immediately applicable, 
cost-eũ ecǝ ve, have numerous ancillary beneŬ ts, and 
are publicly acceptable. Biological reservoirs of carbon 
are, however, Ŭ nite in capacity, making it likely that a 
combinaǝ on of biological and arǝ Ŭ cial mechanisms of 
carbon sequestraǝ on will be required.

Currently approximately 8.5 x 1015 g C yr-1 is emiǧ ed 
by fossil fuel combusǝ on and 1.6 x 1015 g C yr-1 by 
changes in biological systems resulǝ ng from the 
anthropogenic degradaǝ on or destrucǝ on of naturally 
occurring terrestrial biological carbon reservoirs. To 
date accounǝ ng for the CO2 emissions resulǝ
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has not been accounted for in assessments of the cost 
of degradaǝ on and loss of coastal marine habitats. This 
very signiŬ cant global impact of the coastal habitat loss 
is demonstrated by calculaǝ ng the areas of terrestrial 
forest with equivalent sediment carbon sequestraǝ on 
capacity (see Table 2). For example, the total annual 
loss of mangroves and seagrasses has the longterm 
carbon sequestraǝ on capacity of a tropical forest area 
similar to the annual deforestaǝ on rate in the Amazon. 
The total carbon sequestraǝ on capacity lost through 
mangrove and seagrass clearing is equivalent to the 
sediment sequestraǝ on capacity of a tropical forest 
area greater than the Amazon forest. Since reducing 
carbon emissions will be a global concern for centuries, 
longterm carbon sequestraǝ on capacity must now also 
be accounted for in the beneŬ ts associated with coastal 
marine habitat restoraǝ on and protecǝ on.

Mulǝ ple BeneŬ ts of Coastal Habitat Protecǝ on and 
Restoraǝ on
In addiǝ on to providing extensive longterm carbon 
sequestraǝ on beneŬ ts, coastal habitats are the source 
of numerous valuable ecosystem services. Mangroves 
are extensively used tradiǝ onally and commercially 
worldwide, parǝ cularly in developing countries, and 
have been valued at 200,000-900,000 USD ha-1 (UNEP-
WCMC, 2006). Seagrasses provide important ecosystem 
services including nutrient cycling, enhancement 
of coral reef Ŭ sh producǝ vity, and habitat for Ŭ sh, 
mammal, bird and invertebrate species. In addiǝ on, 
seagrasses support subsistence and commercial 
Ŭ sheries worth as much as $3500 ha-1 yr-1 (Waycoǧ  
et al. 2009). Tidal salt marshes are important for their 
nutrient cycling and sediment stabilizaǝ on of near 
coastal areas.

Corals and kelp habitats are essenǝ al components of 
the coastal environment, providing their own extensive 
range of ecosystem services (Moberg & Folke 1999, 
Steneck et al. 2002). These habitats are also criǝ cal to 
the longterm survival of mangroves and seagrasses by 

providing habitat and food sources for species common 
to numerous coastal ecosystems.  All coastal habitats 
are therefore criǝ cal either directly or indirectly for the 
high rates of carbon sequestraǝ on in coastal areas.

Increasing emphasis is now also being placed on the 
role of coastal habitats in climate change adaptaǝ on, 
both for human communiǝ es and marine species. 
Increased coastal protecǝ on and stability will be 
needed in response to sea level rise and the changing 
storm condiǝ ons expected as a result of climate change. 
Under appropriate condiǝ ons, ǝ dal salt marshes, 
mangroves and coral reefs provide protecǝ on from 
waves, storm events, can reduce shoreline erosion and 
provide sediment stabilizaǝ on along many coasts. The 
food resources provided by coastal marine ecosystems 
will essenǝ al to maintaining human adapǝ ve capacity 
to changing resource availability.

Protecǝ ng and restoring coastal marine ecosystems 
therefore has signiŬ cant mulǝ ple beneŬ ts that are 
global (longterm carbon sequestraǝ on) to local 
(community ǝ
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This report provides a strong new evidence base on 
the role of selected coastal marine habitats as carbon 
sinks. There is now an urgent need to take the next 
step - to turn such knowledge into acǝ on – by ensuring 
that such coastal marine sinks are included in Naǝ onal 
Inventory Submissions. 

Those countries who have signed the United 
Naǝ ons Framework Convenǝ on on Climate Change 
(UNFCCC) have to make annual Naǝ onal Inventory 
Submissions (NIS) which records their Green House 
Gas (GHG) emissions from energy use, industrial 
processes, agriculture, land use and waste as well as 
any sequestraǝ on from land use and forestry. These 
naǝ onal inventories have to be submiǧ ed annually 
to the UNFCCC and be based on guidance from the 
Intergovernmental Panel on Climate Change (IPCC). 
They are used to assess compliance with internaǝ onal 
treaǝ es to reduce emissions (ie Kyoto, EU) and for any 
naǝ onal commitments (ie Climate Change Act for UK). 
Land Use, Land Use Change & Forestry (LULUCF) is the 
secǝ on in the naǝ onal inventories that accounts for 
emissions and sequestraǝ on from the management 
of terrestrial carbon sinks.  The types of acǝ viǝ es 
covered by LULUCF include aũ orestaǝ on, reforestaǝ on 
& deforestaǝ on, changes to soil carbon stocks from 
land use and land use change, peatland extracǝ on and 
drainage, liming of soils, etc.  

For the LULUCF secǝ on of NIS, only GHG emissions and 
sequestraǝ on that occur as a direct result of human 
acǝ vity can be counted.  Any natural sequestraǝ on (or 
emissions) from unmanaged/prisǝ ne habitats cannot 
count towards a countries’ GHG commitments.  Carbon 
credits cannot be earned for sequestraǝ on from 

unmanaged habitats. GHG emissions and sequestraǝ on 
that occur as a result of the management of coastal 
and marine habitats are currently not accounted for 
by LULUCF and for that reason are not included in 
internaǝ onal climate change mechanisms (ie UNFCCC, 
Kyoto, CDM, etc) and are not included, for example, in 
the UK’s carbon budgets.

To get coastal/marine habitats included in LULUCF 
would require the IPCC to update their guidance and 
possibly even need the agreement of the UNFCCC.  
The IPCC would need to be convinced that there is 
enough of a robust evidence base to demonstrate that 
the degradaǝ on of coastal and marine habitats due to 
direct human acǝ vity results in GHG emissions.  They 
would also need to be conŬ dent that restoraǝ on (or 
creaǝ on) of coastal habitats will reduce those emissions 
and deliver sequestraǝ on.

An essenǝ al step to including coastal marine sinks in 
NISs will be to build on the evidence base provided in 
this report. In parǝ cular we need to know that coastal 
marine habitats are not just important as global carbon 
sinks but what happens (from a GHG perspecǝ ve) 
when any of these habitats are damaged, developed 
or lost?  The logical conclusion is that anthropogenic 
acǝ viǝ es cause the carbon to be lost back to the 
atmosphere, but do they lose their stored carbon and 
if so where to?  Does it result in other GHG emissions 
and if so what type and on what scale? 

Processes are slightly ahead when considering some of 
the terrestrial sinks. For example, with peatlands it is 
known that they are an important carbon store and that 
they sequester carbon when in a prisǝ ne state.  There 
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is fairly good evidence that drainage, culǝ vaǝ on and 
over-grazing/burning results in carbon losses and that 
restoraǝ on stops those losses (although may increase 
methane) and, possibly, re-starts sequestraǝ on. 
Unfortunately the UK LULUCF inventory does not fully 
record these carbon losses and so does not recognise 
the carbon savings delivered by restoraǝ on. There is 
therefore now common cause across exisǝ ng terrestrial 
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