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Preface

The issue of blue carbon as a mitigation strategy for climate change impacts on
global greenhouse gas emissions has been in place only for the past few years. Since
2009, there has been an explosion of scientific papers reporting on carbon stocks in a
variety of estuarine and marine wetland habitats, especially tidal salt marshes,
mangrove forests and seagrass meadows. Not surprisingly, there has been an explo-
sion of websites, strategic ideas and pilot projects involving either restoration or
replanting (or both) of these valuable coastal habitats. And while there have been a
number of papers totalling up the amounts of carbon sequestered in soil and biomass
in tidal wetlands, there is no complete overview of the entire issue or a critical look
as to whether or not REDD+ projects are truly worthwhile and certainly whether or
not the money being put into such projects is money well spent.

The purpose of this book is to make a critical appraisal of this exploding
ecological and climate change issue, a sort of ‘stop and smell the roses’ type of
analysis and reflection on where the entire issue is headed. Indeed, the time is ripe for
such a critical review as projects are being planned or run without a good under-
standing of the complexities of the issue of climate change adaptation and mitiga-
tion; there is a sense of rushing to judgement without a good sense of the intricacies
and practicalities running such a project entails. As the reader will see, much has
been learned by trial and error as the practical knowledge base expands and as
naivety dissipates after the hard lessons have been learned.

Perhaps given the alluring nature of blue carbon as a panacea for climate change
mitigation, it was inevitable that mistakes would be made in the early ‘band wagon’
days. But mistakes are still being made and some projects still lack good project
planning and evaluation, and a good grounding in hard scientific reality. Not all lost
habitat can be restored and some alternative sites have not been selected using the
best or the most stringent set of scientific criteria.

Blue carbon is not a simple, linear course correction for losses or for partial
destruction of habitat, as we all have much more to learn about how best to minimise
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mistakes and poor decisions, and how to maximise lessons learned the hard way and
to best utilise the rapidly expanding state of knowledge. I hope that this slim volume
will help in facilitating restoration and rehabilitation of these precious marine and
coastal resources which continue to disappear at an alarming rate.
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Glossary

ACR American Climate Registry
Anaerobic Soil Soil which contains no free oxygen (aerobic soil)
Blue Carbon Term coined to refer to the acquisition and storage of carbon

in aquatic ecosystems especially in coastal habitats such
as salt marshes, seagrass beds and mangrove forests

CAR Carbon sequestration rate
CBD Convention on Biological Diversity
CCB The Climate, Community and Biodiversity Standard
CDM Clean Development Mechanism
Corg Organic carbon
FAO Food and Agriculture Organisation of the UN
G Gram
Gg Gigagram ¼ 109 grams
GCF Green Climate Fund
GEF Global Environment Fund
GHG Greenhouse gases (carbon dioxide, methane, nitrous oxide)
GPA-Marine Global Program of Action for the protection of the

marine environment from land-based activities
IOC International Oceanographic Commission
IPCC Intergovernmental Panel on Climate Change
IUCN International Union for Conservation of Nature and

Natural Resources
LDCF Least Developed Countries Fund
LULUCF Land-Use, Land-Use Change and Forestry
MACs Marginal abatement costs
MAR Mass sediment accumulation rate
MEAs Multilateral Environmental Agreement
Mg Megagram ¼ 106g or tonne
NAMAs National Appropriate Mitigation Actions
NPV Net present value
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Oxidation Loss of electrons such that CH4 is oxidized to CO2

PES Payment for ecosystem services
Pg Petagram ¼ 1015g
PIC Particulate inorganic carbon
POC Particulate organic carbon
RAMSAR Ramsar Convention on Wetlands
REDD+ Acronym for Reducing Emissions from Deforestation and Forest

Degradation. The + refers to the additional steps of conservation
and the sustainable management of forests and enhancement of
carbon stocks

RSET Rod surface elevation table, a method to estimate soil accretion
rates in wetlands

SCC Social cost of carbon
SCCF Special Climate Change Fund
SDG United Nation’s Sustainable Development Goals
Tg Teragram ¼ 1012 g
TNC The Nature Conservancy
UNDP United Nations Development Programme
UNEP United Nations Environment Programme
UNESCO United Nations Educational, Scientific and Cultural Organisation
UNFCCC United Nations Framework Convention on Climate Change
VCS Verified Carbon Standard
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Chapter 1
Introduction

The term blue carbon was coined in November 2009 in a rapid response assessment
report to a special inter-agency collaboration of the UNEP, FAO and IOC/
UNESCO (Nelleman et al. 2009). ‘Blue carbon’ is defined as the coastal carbon
sequestered and stored by ocean ecosystems. The publication of the report was an
important milestone as it completed the global carbon accounting assessment begun
by the IPCC with atmosphere and terrestrial biomes.

The purpose of the report was to highlight the crucial role of the oceans and their
ecosystems in maintaining earth’s climate and to assist policymakers in focusing
their discussions on adaption to and mitigating for climate change to the role of the
oceans in emission reductions, as ocean ecosystems have been vastly overlooked.

The report had a number of recommendations for the protection, management and
restoration of coastal ecosystems that are critical carbon sinks:

1. Establish a global blue carbon fund for protection and management of coastal and
marine ecosystems and ocean carbon sequestration.

2. Immediately and urgently protect at least 80% of the remaining seagrass
meadows, salt marshes and mangrove forests, through effective management.

3. Initiate management practices that reduce and remove threats and which support
the robust recovery potential inherent in blue carbon sink communities.

4. Maintain food and livelihood security from the oceans by implementing compre-
hensive and integrated ecosystem approaches aiming to increase the resilience of
human and natural systems to change.

5. Implement win-win mitigation strategies in the ocean-based sectors, including to
improve energy efficiency in human-based uses (transportation, fishing, etc.) and
to encourage sustainable ocean-based energy production; curtail unsustainable
activities impacting on the oceans ability to absorb carbon; ensure investment for
restoring and maintaining ocean carbon sinks; provide food and incomes that
promote sustainable business development opportunities and catalyse the natural
ability of coastal carbon sinks to regenerate by sustainable management practices.

© The Author(s) 2018
D. M. Alongi, Blue Carbon, SpringerBriefs in Climate Studies,
https://doi.org/10.1007/978-3-319-91698-9_1
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Concurrently, a quantitative and qualitative assessment was commissioned by the
IUCN (Laffoley and Grimsditch 2009) to document the carbon management poten-
tial of tidal salt marshes, mangrove forests, seagrass meadows, kelp forests and coral
reefs. The report found that these habitats are quantitatively and qualitatively
important, being highly valuable sources of food and fuel and for shoreline protec-
tion, and that all of them are amenable to management such as through marine
protected areas, marine spatial planning and area-based fisheries management tech-
niques. The key findings of the report were:

1. These key coastal ecosystems are of high importance because of the significant
goods and services they provide as well as carbon management potential.

2. Their carbon management potential is equivalent to terrestrial ecosystems and
may exceed the potential carbon sinks on land.

3. Coral reefs do not act as carbon sinks but are slight carbon sources due to their
complex carbonate carbon chemistry.

4. In their analyses, salt marshes provide the greatest long-term rate of carbon
accumulation in sediment (210 gC m�2 year�1) compared with mangroves
(139 gC m�2 year�1) and seagrass meadows (83 gC m�2 year�1). Data are
insufficient to quantify the contribution of kelp forests.

5. The chemistry of sediments and soils from these ecosystems suggests that while
small in geographical extent, the absolute comparative value of the carbon
sequestered per unit area may be greater than similar processes on land, due to
lower potential for emission of GHGs such as methane and carbon dioxide.

6. There is a lack of critical data for all habitats, especially those in tropical
locations as having comprehensive carbon inventories is a critically
important need.

7. These ecosystems are vital for food security of coastal inhabitants, especially in
developing countries, for providing nursery grounds for artisanal fisheries and
for also providing coastal protection by mitigating coastal erosion and storm
surge so thus serving multiple functions in addition to carbon sequestration.

8. These habitats are endangered, with continuing losses and degradation, coupled
with a lack of policy urgency to address current and future threats.

9. These ecosystems are threatened by nutrient and sediment run-off from land,
displacement by urban development, aquaculture and overfishing, threatening
their capacity to sequester carbon.

10. Management strategies need to be effective and strengthened by governments
that already have commitments in place for biodiversity protection and sustain-
able development; such strategies however need to be enforced, especially in
developing countries.

11. Anthropogenic GHG emissions are being underestimated because such emis-
sions from these habitats are not being accounted for in national and interna-
tional inventories, meaning that their carbon savings from sequestration do not
count towards meeting national and international climate change commitments.

In 2010 a ‘Blue Carbon Initiative’ was established by the United Nations (via the
IOC/UNESCO) in partnership with the Conservation International (CI) and the
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International Union for the Conservation of Nature (IUCN). The aim of this initia-
tive was to promote climate change mitigation through restoration and sustainable
use of coastal and marine ecosystems. The initiative consists of two working groups,
one on scientific and technical issues and the other on policy matters. The policy
group (Herr et al. 2012) has made a number of recommendations to (1) integrate blue
carbon activities fully into the international policy and financing processes of the
United Nations Framework on Climate Change (UNFCCC) as part of mechanisms
for climate change mitigation and into other carbon finance mechanisms such as the
voluntary carbon market; (2) develop a network of blue carbon demonstration
projects; (3) integrate blue carbon activities into other international, regional and
national frameworks and policies; and (4) facilitate inclusion of the carbon value of
coastal ecosystems in the accounting of ecosystem services.

In June 2012 at the Rio + 20 United Nations Conference on Environment and
Development, the IOC released the Blueprint for Ocean Sustainability which
contained two proposed measures to achieve ocean sustainability: the first relates
to mitigating and adapting to ocean acidification, while the second proposes the
creation of ‘a global blue carbon market as a means of creating direct economic gain
through habitat protection’ (IOC 2011).

During this time, a report published in 2011 by the Nicholas Institute of Duke
University in North Carolina, USA, came to similar conclusions to the two initial
blue carbon reports that coastal habitats store large amounts of carbon in their soils
and in biomass (Sifleet et al. 2011). The policy implications of blue carbon were the
focus of this latter report which indicated that when these habitats are converted,
their stored carbon is released back into the atmosphere as GHGs, thus reversing the
effect of fostering carbon sequestration in REDD+ and other rehabilitation projects.
From a management point of view, salt marshes, mangroves and seagrass meadows
should be considered in management of critical ecosystem services; one practical
tool suggested was to pay landowners and managers for coastal blue carbon,
assuming that protocols can be developed to allow these carbon stores to be traded
on carbon markets.

The report reiterated that greater understanding of how such habitats sequester
carbon, how to maximise such sequestration while minimising carbon losses, and
where most of such sequestration is taking place, is urgently needed. Sifleet et al.
(2011) also indicated that it is necessary to know how rapidly these habitats are being
converted and the level of subsequent risk that carbon will be released back into the
atmosphere from such activities, as well as the mechanisms and rate of CO2 (carbon
dioxide) and methane emissions that follow conversion of habitats. Policymakers
need to understand that three components are involved in carbon sequestration and
storage:

1. The annual sequestration rate: the yearly flux in a mature ecosystem of organic
material transferred into anaerobic soils where it cannot undergo oxidation to
CO2 and be released into the atmosphere.

2. The amount of carbon stored in above- and below-ground biomass.
3. The total carbon stock stored in soils as a result of prior sequestration, that is, the

historical sequestration over a particular habitat’s lifetime.
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The total carbon stock integrates the entire soil stock below-ground down to
bedrock. This stock is a function of the soil carbon density and the soil depth. As
Sifleet et al. (2011) pointed out, scientists have a better handle on density than the
total depth as it is difficult to measure (by coring) soil profiles that in some habitats
can be metres deep. While summarising available data, they concluded that the
empirical database is poor and not representative of these habitats globally; infor-
mation is biased in favour of some geographical regions than others. For example,
salt marsh data is comparatively plentiful for North America and Europe but lacking
for South America, Africa, Asia and other parts of the world. For mangroves, the
situation is worse in that most data comes from Asia and Oceania, while for
seagrasses, data is greatest for Europe and North America; there is a paucity of
seagrass data from the tropics.

There is remarkably little data on the CO2 emissions from habitats that have been
converted. Most estimates have been made assuming that a certain percentage of
biomass or soil lost is multiplied by their known carbon content. As McLeod et al.
(2011) suggested, such assumptions and calculations may be highly inaccurate, and
key questions need to be addressed:

1. How are sequestration rates and existing sediment carbon stocks affected by
ecosystem loss and/or modification?

2. How may carbon sequestration rates and storage be affected by climate change?
3. What recommendations can be made to inform future carbon sequestration

research?

The last question can be addressed as the need for better understanding of the
drivers affecting carbon sequestration rates. For instance, possible drivers can be
habitat age, temperature, primary productivity and respiration and their metabolic
balance, soil or sediment type, carbon exchange with other ecosystems, location
(estuarine vs marine), hydrology, sedimentation rate, differences in tidal elevation
and in sea-level and species composition, to name but a few. Such information is
essential for guiding the restoration and conservation of these habitats.

So, what is ‘blue carbon? A conceptual model (Fig. 1.1) shows the major
pathways of carbon flux among land, sea and atmosphere and indicates that most
of the carbon buried in tidal salt marshes, mangrove forests and seagrass meadows is
‘blue carbon’. The remainder is either emitted back to the atmosphere via respiration
by plants and soil microbes and animals or exported to the ocean in the form of
dissolved and particulate carbon. In the case of mangroves, substantial amounts of
carbon may also be stored in above-ground biomass (but negligible in the other two
habitats); thus the rates of gross and net primary productivity are an important feature
(Chapter 3) because plant production leads to the increase over time in tree biomass.
This presumes, of course, that the trees and timber above-ground are not destroyed or
burned for human use.

Measuring and mapping spatial and temporal variations in carbon sequestration
are also necessary in order to estimate and properly scale up as well as to relate these
differences to physical, geological, chemical and ecological characteristics. It would
also be useful to be able to assess and quantify land-use changes and to identify
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priority areas for conservation and management. The combined effects of climate
change, land use and other human impacts on carbon sequestration need to be better
understood.

Standardisation of methods is another important issue as the scientific literature is
replete with papers in which different methods of soil and biomass sampling and
chemical analysis have been used. Furthermore, it is important to verify rates of soil
carbon burial as variable percentages of carbon deposited in soils are available to be
oxidised to CO2 mostly by complex and mixed microbial communities. These data
are necessary to reveal the rate at which carbon is permanently buried in these
habitats. Improved methods for measuring carbon storage can only help to inform
regional and global carbon budgets.

Since the publication of these seminal papers and reports, there has been an
explosion of subsequent papers on blue carbon (Fig. 1.2). This impressive growth
was spawned by funding from various government and non-government agencies
around the globe, as well as a lot of enthusiasm for the idea that the area as well as the
quality of coastal wetlands could be expanded back to the time prior to the
mid-twentieth century when destruction was not on an industrial scale (Hopkinson
et al. 2012; Beaumont et al. 2014). Currently, these habitats are being lost at a rate of
about 1% to 7% annually (Hopkinson et al. 2012). In fact, over the past 60–70 years,
there has been a substantial increase in the amount of carbon and other materials
transported from land to the ocean, indicating that both land and ocean habitats have
seen a great deal of change. Regnier et al. (2013) estimated that anthropogenic
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Fig. 1.1 Conceptual model of blue carbon in coastal ecosystems. GPP gross primary production,
NPP net primary production, R respiration, CO2 carbon dioxide, CH4 methane
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disturbance on land may have increased the flux of carbon to inland waters by about
20% since 1750. This can be attributed to deforestation and increasingly intensive
cultivation that has increased soil erosion. This translates into roughly 40% being
either emitted back to the atmosphere or buried in soils and sediment along the
continuum from rivers to estuaries to coastal waters. As we shall see in the next four
chapters, this increase has significant consequences for the amounts of blue carbon
retained in the coastal zone.
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Chapter 2
Salt Marshes

Salt marshes are intertidal wetlands that occur on low-energy shores and are com-
prised of herbaceous flowering plants and small scrubs. Being found mostly on
sheltered coastal areas, salt marshes grow on silt and clay (mud) substrates. They
occupy the interface between terrestrial and marine ecotones and have many attri-
butes of both as well as some features that are unique (Adam 2016). The landward
edge is delineated by sharp boundaries, but even in these cases, there is likely to be
considerable freshwater groundwater flow linking marsh and land. There are often
abrupt man-made boundaries, such as developments or even sand or rubble shingles
where wrack material, such as marine detritus, often accumulates. The seaward
boundary is usually delineated by sandflats, mudflats, seagrass beds and mangroves
in subtropical and tropical regions.

Globally, salt marshes occur on all continents except Antarctica and are a general
feature of temperate coastlines but can occur in low latitudes as a narrow fringe
landward of mangroves and as more extensive stands on hypersaline flats where
mangroves are excluded. These marshes are often sparse in terms of numbers of
species present and biomass and may be interspersed with mats of microbes and
microalgae. The global distribution of taxa shows that there are broad similarities
between temperate marshes in the Northern and Southern Hemispheres and that
major types of marsh can be related to latitude. Species richness of marsh grasses
peaks not in the tropics, but in the high-latitude temperate zone.

Variations within an estuary can be large or subtle, depending on geomorpho-
logical, geological and chemical gradients. On average, changes up-estuary vary in
relation to changes in salinity with more saline conditions at the mouth of the estuary
to tidal freshwater marshes at the limit of saline intrusion. Brackish marshes pre-
dominate between both salt and freshwater endpoints, but these marshes are dom-
inated by halophytic species with the saline zones being restricted to the higher less
frequently inundated areas where evapotranspiration results in saltier conditions.

Salt marshes show zonation across the intertidal zone from low marsh to high
marsh at the upper tidal limit. Davy (2000) has argued that zonation of salt marshes

© The Author(s) 2018
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is interpretive, being a spatial expression of succession of marsh species over time or
distribution of species is the net result of environmental factors or competition over
time. It is thus arguable as to whether or not zonation is an expression of succession
or the result of environmental factors. Certainly, the boundaries between species or
between communities are the net result of species’ responses to environmental
factors and to competitive interactions. Such patterns may change as a result of
human interference in marsh hydrology, tectonic events, introduction of introduced
species, or the result of climate change, but overall such patterns are stable over long
stretches of time. Adam (2016) has suggested that zonation of marsh communities
above the Spartina zone reflects succession from the ‘original pre-Spartina pioneer’
but that if a succession does occur as a result of progradation, it will be a new range
of communities rather than a return to historic conditions.

2.1 Dynamics of Soil Accretion and Carbon Accumulation

The database on accretion rates in salt marshes is very large (unlike that for
mangroves and seagrasses) and has been reviewed numerous times (Nixon 1980;
Pethick 1981; Vernberg 1993; Allen 2000; Turner et al. 2001; Morris et al. 2002;
Gedan et al. 2009; Shepard et al. 2011; Kirwan and Mudd 2012; Kirwan and
Megonigal 2013). Accretion rates in salt marshes range from 2 to 10 mm year�1

with a median of 5 mm year�1. Most marshes have rates of accretion of between
1 and 7 mm year�1, a range which overlaps with that for mangrove forests (see Sect.
3.1.2).

The development of salt marshes reflects environmental history, but it is also a
reflection of the net result of species’ responses and interactions to the environment
as well as to other species. Sea-level is the ultimate arbitrator of salt marsh delinea-
tion, and it is the considerable change in sea-level that has ultimately affected the
spatial and long-term distribution of salt marsh environments. Sea-level rose to its
present position about 6000 years ago following the last glacial maximum, and
during that time, there was considerable change in the occurrence and extent of tidal
marshes. As Adam (2016) points out, salt marshes can either erode away or develop
quickly; as a marsh develops, it tends to prograde seawards and accretes. Both
processes co-occur, but accretion can be maintained or even increased if sediment
that is eroding or being transported downstream is deposited within the marsh.

Low- and mid-marsh zones can change rapidly due to changes in sedimentation
as affected by either natural or anthropogenic processes, often within decades or one
to two centuries, whereas upper marsh zones can remain stable for more than a
millennium. Accumulation of sediment or soil results in an increase in surface
height, and this accumulation may come about as a result of simple sediment
accumulation or accumulation of organic material from plant roots or incorporated
from burial of above-ground biomass, or both.

Like other ecosystems, marshes develop with the establishment of pioneer spe-
cies which in turn promotes settlement of sediment particles. This positive feedback
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does not necessarily result in a uniform accretion of sediment, but sediment accu-
mulation can be discontinuous in space and time. However, on average, further
maturity of the marsh results in an increase in plant density and sediment retention,
with a concomitant rise in surface elevation. This results in a negative feedback in
which sedimentation begins to decline as the frequency of tidal flooding decreases.
The net result is a rate of minerogenic (allochthonous) sedimentation of near zero at
the tidal limit. Allochthonous sedimentation operates in two ways: (1) through
capture of fine silt and clay particles by the leaves and stems and (2) settling out
by the slowing of water motion through the marsh (Weis 2016). However, there are
many ways in which tidal elevation can increase or decrease in salt marshes in
addition to sediment inputs.

Figure 2.1 illustrates the key biotic and abiotic processes controlling soil accre-
tion in salt marshes and in mangroves and seagrasses. Accretion processes in salt
marshes are complex, but overall, the deposition of suspended particles during
flooding, the accumulation of plant material (roots and litter) and the formation of
algal mats and subsurface roots are the key inputs. Sediment capture is an abiotic
process, although the slowing of tidal water flow by the presence of plants can be
looked at as an indirect biotic process as well (Fig. 2.1). Decomposition by microbes
and benthic infauna and compaction negatively influence net elevation change. The
rate and quality of marsh accretion are influenced by both positive (ice rafting,
flooding by storms, vegetative growth, CO2 increase) and negative (auto-
compaction, ice shearing, storm erosion) forces that on average have resulted in
salt marsh accretion keeping pace with current rates of sea-level rise in most but not
all regions (Weis 2016).

Leaf litter accumulation Sediment capture

Mat formation
(algae, roots)

Subsurface 
root production

Vertical accretion

Marker horizon

Net elevation 
change and 
Decomposition 

Expansion

Fig. 2.1 The interrelationships between biotic and abiotic controls on soil accretion and elevation
change. (Modified from Cahoon et al. 2006)
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2.2 Soil Accretion and Carbon Sequestration

2.2.1 Methodological Advantages and Limitations

The measurement of carbon sequestration involves the measurement of soil accre-
tion, and rates are as varied among salt marshes (and mangroves and seagrass
meadows) as there are methods of measurement. The rate of soil accumulation can
be measured by a number of methods, including the use of radiotracers and numer-
ical models. All methods have inherent advantages and disadvantages.

A commonly used method is the use of 210Pb and 137Cs radioisotope geochro-
nology (Robbins 1978). The method involves the measurement of naturally occur-
ring and artificial radionuclides with increasing sediment depth and deriving a slope
(rate) from a simple model of decrease in radioisotope concentration with increasing
depth. A sediment core is taken carefully within a given marsh area and subsectioned
usually to a depth of at least 100 cm. This depth is preferred as surface sediments are
usually mixed physically or biologically (the mixing depth) destroying the pattern of
probable decrease in concentration. Mass accumulation rates are derived from
modelling the decline below the mixing depth of the radionuclides 210Pb and 137

Cs, the latter derived from radioactive atomic bomb fallout. 210Pb occurs naturally
from cosmic radiation of the earth, and what is measured is both the naturally
occurring isotope and that derived from the 226Ra parent (the difference is called
‘excess’ 210Pb). The three isotopes 226Ra, 210Pb and 137Cs are measured by gamma
spectroscopy in the sequentially sliced sediment samples. Both 210Pb and 137Cs
profiles provide a check on the other to derive a mass sediment accumulation rate or
MAR. This is done by interpreting the radiochemical tracer profiles for sedimenta-
tion history using models, such as those by Robbins (1978), which utilise a sediment
mixed layer thickness, a decadal-century scale average input of excess 210Pb (total 210

Pb minus parent 226Ra) and diffusion coefficients for 210Pb and 137Cs in marine
sediments. The models all utilise a regression of concentration by sediment depth
and identify the mixed layer in the upper profile that does not fit the regression. The
values obtained are then multiplied by bulk density and carbon content to derive a
carbon sequestration rate.

The advantages of the method are that it does appear to meet the conditions of
‘steady state’ between inputs from particle scavenging and outputs from mixing and
provides for an accurate estimate of mass sedimentation on the scale of decades to as
much as a century. The other advantage is that all of this information can be gleaned
from a single sediment core taken in a matter of minutes and with a minimum of field
equipment. The disadvantages are that the gamma counting is time-consuming and
the gamma equipment is expensive. There is also the problem that some cores,
especially those taken in biologically and geologically active wetlands, are
completely mixed, making interpretation of the radiochemical data impossible.
Other disadvantages are that the surface sediments may have been disturbed or
eroded by storms or runoff, compaction distorts the interpretation of the profiles
and conditions of ‘steady state’ of radionuclide fluxes in fluvial environments are
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often not met. The interpretation of these profiles, even when clear ones have been
obtained, is that the method relies on a number of assumptions such as the rate of
scavenging of 210Pb and 137Cs onto suspended sediment particles versus dissolution
in seawater is in chemical equilibrium. Further, the profiles can vary among replicate
cores owing to small-scale differences in sedimentary history and grain size.

The radiochemical profiles must be considered cautiously as one must consider
the scale limitations and the role of geologic history. For instance, one may obtain a
MAR from a given location in an estuary, but these sediments may originate from
another location within the same estuary, giving a false picture of overall net
sediment accumulation when in fact the estuary sediment budget is in balance or
may even showing a net loss of sediment to the sea.

Time scales longer than a century may be needed to properly assess MAR in
estuaries with complex histories. Differences in tides may also affect mass sediment
accumulation as well as relative changes in sea-level. We know that there was
relatively slow sea-level rise in the late Holocene (1 mm year�1) to rapid sea-level
rise beginning in the eighteenth or nineteenth century. Over the past century,
sea-level rise has averaged 2 mm year�1.

Another common method to measure mass sediment accretion may help as it
incorporates the entire sedimentary history of a given location. This is the rod
surface-elevation table or RSET method (Cahoon et al. 2002a, b). The only disad-
vantage is that it is initially labour-intensive. The major advantage is that it is
relatively inexpensive, portable and easy to measure. The rod surface-elevation
table is a balanced, lightweight mechanical levelling device that attaches to both
shallow (<1 m) and deep (preferably driven to bedrock) rod bench marks and is an
advance on the original surface elevation table (SET) in allowing determination of
elevation change occurring over different depths of the sediment profile. This
improvement was made since it was discovered that subsurface processes such as
root growth can exert a significant change over sediment elevation. For instance, one
can measure the growth on elevation of the subsurface root zone versus the entire
sediment profile. The rod provides confidence intervals for the height of an individ-
ual measurement in the laboratory of�1.0 and 1.5 mm of two different operators. In
the field, the confidence intervals are greater but within a few mm, making it very
precise. And carbon sequestration rate can be derived by multiplying the sedimen-
tation rate by bulk density and carbon content.

A third, but less common, method to determine sediment accretion is the use of
numerical modelling of empirical measurements of suspended sediment concentra-
tions within an estuary (Morris et al. 2002; Temmerman et al. 2003). For instance, in
the Temmerman method, the rate of marsh accretion is assumed to be in steady state:

dE=dt ¼ dSMIN=dt þ dSORG=dt � dP=dt ð2:1Þ
where the first term is the rate of mineral sediment deposition (SMIN) plus the second
term which is the rate of organic accretion (SORG) minus the rate of compaction of
the deposited sediment (P). In practical terms, the size of the second and third terms
is negligibly relative to the mineral sediment component.
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The first term dSMIN/dt is derived from the settling velocity and the concentration
of suspended mineral sediment particles:

dSMIN=dt ¼
Z

Year

Z

T

Ws x C tð Þdt=p ð2:2Þ

where Ws is the settling velocity, C is the depth-averaged suspended sediment
concentration and p is the dry bulk density. The right-hand terms are integrated
over the total duration (t) of a tidal inundation cycle and subsequently over all
inundation cycles during a year. Temporal variation in suspended sediment concen-
trations (Ct) during a tidal inundation cycle is calculated by solving the following
mass balance equation over a tidal cycle:

d h tð Þ � E½ �Ct=dt ¼ �WsC tð ÞfC oð Þdh=dt ð2:3Þ
where h and f are the water surface and marsh surface elevations and C(o) is the
incoming suspended sediment concentrations in the water that floods the marsh
surface. During flood tide, when dh/dt > 0, the incoming suspended sediment
concentration (C(o)) is proportional to the inundation depth at high tide [h
(tHW) � E]:

C oð Þ ¼ k h tHWð Þ � E½ � ð2:4Þ
while during ebb tide (when dh/dt < 0), C(o) is set to equal C(t) and k is the
proportionality constant calculated based on average suspended sediment concen-
trations over a long (weeks to months) period encompassing spring and neap tides.

The advantage of this method is that one can hindcast and forecast sediment
accretion with changes in predicted sea-level rise. The disadvantage is that one needs
the empirical suspended sediment data to run the model and some basic knowledge
of modelling and mathematics.

2.2.2 Carbon Sequestration Rates

The data on carbon sequestration rates (CAR) in salt marshes (Fig. 2.2) shows no
clear relationship with changes in latitude as it is likely that these rates are a function
of a number of interrelated factors, such as marsh age, tidal inundation frequency,
tidal elevation, marsh geomorphology, species composition, soil grain size, catch-
ment and river input, ocean input and degree of human impact. The mean (� 1SE) of
212 � 18 g Corg m�2 year�1 (n ¼ 168 locations; median ¼ 184; minimum ¼ 9;
maximum ¼ 1713) represents a wide array of salt marsh locations, types and ages.
Ouyang and Lee (2014) indicate that latitude, tidal range and elevation appear to be
the most important drivers of CAR, with considerable variation among biogeo-
graphic provinces. Species composition may play an important role as Ouyang and
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Lee (2014) calculated that Spartina marshes have significantly higher CAR but no
significant differences among marshes composed of Phragmites, Juncus, Halimione
and Distichlis. There is some evidence that European marshes support higher CAR,
although there is a lack of significant differences among European, tropical West
Atlantic, Northwest Atlantic and Northeast Pacific marshes; too few data come from
Australasia, China, Japan and the Arctic.

The latitudinal pattern for salt marshes (Fig. 2.2) is unclear, but the few data from
north of latitude 68.4� suggests lower CAR (Ouyang and Lee 2014), while those
within the band of 48.4–58.4�N show the highest but very variable rates of CAR.
This can be interpreted as reflecting a slower and shorter growing season at boreal
latitudes as well as a difference in the balance between rainfall and evaporation.

It is most likely that tidal range and tidal elevation of a given marsh have more to
do with driving CAR than any other factors based on the simple premise that more
frequent inundation with sediment-laden tidal waters leads to more sediment avail-
able to deposit. Ouyang and Lee (2014) calculated that tidal range accounts for
nearly 52% of the variation in CAR, as opposed to latitude which accounts for only
29.6% of variation. Soil CAR shows a clear decline from low to high marsh sites
reflecting the more frequent inundation and subsequent settling of sediment on the
marsh surface. Root production is higher in high versus low marsh locations, but this
may be offset by the lower sediment accretion rate and bulk density of soil
towards land.

Of course, other factors drive CAR such as below-ground root production. Soil
CAR for salt marshes has been shown to be positively related to below-ground
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Fig. 2.2 Rates of carbon sequestration in salt marshes as a function of latitude. (Sources: Data and
references in Chmura et al. (2003); Lovelock et al. (2014); Ouyang and Lee (2014); Weston et al.
(2014); Yuan et al. (2014); Artigas et al. (2015); Davis et al. (2015); Ye et al. (2015); Kelleway et al.
(2016); Wang et al. (2016); Macreadie et al. (2017a, b))
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productivity and negatively related to decomposition of soil organic matter (McLeod
et al. 2011; Gonzalez-Alcarez et al. 2012). Both below-ground productivity and
organic matter decomposition are affected by tidal regime. Litter quality and quan-
tity may also differ with different species of marsh grass, and this factor may have
some impact on CAR.

Assuming a total area of salt marshes of 41,657 km2 (Ouyang and Lee 2014) and
weighing CAR values by biogeographic province the global CAR for salt marshes is
about 10 Tg Corg year

�1.

2.3 Soil Carbon Stocks

The stocks of soil carbon in salt marshes have been measured at 191 locations
(Table 2.1). There are no significant differences among locations (excluding loca-
tions of n¼ 1). Based on these data, a mean (� 1 SE) of 317.2 � 19.1Mg Corg ha

�1

is derived with a median of 282.2 Mg Corg ha
�1. Multiplying the median value by the

global area of salt marshes (41,657 km2; Ouyang and Lee 2014) gives a total global
estimate of 1.2 Pg Corg (¼1156 Tg Corg) of salt marsh carbon. Comparatively few
papers provide both above- and below-ground carbon stocks, but, on average, 99.2%
of total carbon is vested below-ground in soils and to a much lesser extent in roots
(Kennedy et al. 2014). Thus, virtually all ecosystem carbon is below-ground in salt
marshes.

As gleaned from the range of values for each location, there is no clear or simple
relationship of carbon stocks with any particular environmental or ecological factor
except for tidal elevation and frequency of tidal inundation. Overall, the same
discussion for CAR applies for carbon stocks as there is a trend of greater carbon
stocks in low versus high marshes. Thus it appears that higher CAR results in greater
carbon stocks.

Carbon storage is highest in mature salt marshes that have been stable or pristine,
or both, for a long time, usually centuries (Artigas et al. 2015). Lower carbon stocks
are found in newly restored marshes, such as those in river deltas in China (Yu et al.
2013; Zheng et al. 2013; Yuan et al. 2014; Ye et al. 2015). In a number of countries,
marshes have been reclaimed and thus drained and diked to prevent tidal flooding to
create good conditions for land agriculture (Connor et al. 2001), and it is in these
marshes, even when restored, where carbon stocks have been deleted by disruption
of the upper soil layers where most of the organic carbon occurs. Low stocks also
occur in marshes where erosion is common (Wang et al., 2016), where mangrove
encroachment is occurring (Kelleway et al. 2016) and in marsh soils that are acidic
due to high rates of organic matter decomposition (Ye et al. 2015).

Globally, wetlands have lost significant amounts of organic carbon historically,
about 55 Pg for the world’s soils, including those tilled for agriculture. For instance,
China has lost large swaths of freshwater and estuarine marsh, about 70 Tg since the
1970s (Zheng et al. 2011). This situation is similar for Japan and other Asian
countries that converted wetlands for dry land agriculture.
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Table 2.1 Estimates of organic carbon stocks (Mg Corg ha
�1) in salt marsh soils to a depth of 1 m

Location Sources Number of observations Range Mean

Northeast Canadaa 38 170–735 343

Chinab 28 27–1560 189

Gulf of Mexicoc 27 31–1900 500

New Englandd 23 120–600 356

United Kingdome 17 64–576 225

Chesapeake Bayf 13 188–540 330

Californiag 11 79–433 234

Australiah 8 61–343 171

North Carolinai 6 47–556 316

Floridaj 5 155–463 278

Netherlandsk 4 200–410 327

Georgial 4 200–233 213

United Arab Emiratesm 3 30–164 80

Denmarkn 2 210–270 240

Delaware Bayo 2 143–253 198

Francep 1 730

British Columbiaq 1 170

Spainr 1 30

New Jerseys 1 1373

Updated from Chmura et al. (2003) and Sifleet et al. (2011)
aSources: Chmura et al. (2003) and Chmura and Hung (2004)
bSources: Yu et al. (2013), Zheng et al. (2013), Yuan et al. (2014), Ye et al. (2015) and Wang et al.
(2016)
cSources: Hatton et al. (1983), Callaway et al. (1997), Bryant and Chabreck (1998), Markewich
(1998), Chmura et al. (2003) and Campos et al. (2011)
dSources: Howes et al. (1985), Roman et al. (1997), Orson et al. (1998), Anisfield et al. (1999),
Chmura et al. (2003) and Johnson et al. (2007)
eSources: French and Spencer (1993), Callaway et al. (1997), Chmura et al. (2003) and Cantarello
et al. (2011)
fSources: Kearney and Stevenson (1991), Blum (1993), Chmura et al. (2003), Hussein et al. (2004)
and Thomas and Blum (2010)
gSources: Cahoon et al. (1996), Chmura et al. (2003), Brevik and Homburg (2004), Drexler (2011)
and Callaway et al. (2012)
hSources: Livesley and Andrusiak (2012), Saintilan et al. (2013), Kelleway et al. (2016) and
Macreadie et al. (2017b)
iSources: Craft et al. (1988, 1993) and Chmura et al. (2003)
jSources: Choi and Wang (2004) and Chmura et al. (2003)
kSources: Buth (1987), Callaway et al. (1996) and Chmura et al. (2003)
lSources: Loomis and Craft (2010) and Więski et al. (2010)
mSource: Schile et al. (2017)
nSources: Morris and Jensen (1998) and Chmura et al. (2003)
oSource: Weston et al. (2014)
pSources: Hensel et al. (1999) and Chmura et al. (2003)
qSource: Chmura et al. (2003)
rSource: Curado et al. (2013)
sSource: Artigas et al. (2015)
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Indirect human activities can also negatively impact marsh accretion. In a study of
impacted marshes on Cape Cod, Massachusetts, Coverdale et al. (2014) found that,
using historical records and field experiments, salt marshes have lost significant
amounts of soil and carbon over two centuries as a result of direct and indirect human
impacts. Direct impacts include habitat conversion, boating and dredging, while
indirect impacts include eutrophication, die-off, oiling and mosquito ditching. Some
losses do occur naturally, such as erosion and calving, facilitated by crab burrows
and marsh die-off. Over three decades, they found that creek banks in die-off
marshes retreated more rapidly than healthy creek banks. Indirect impacts on salt
marshes greatly alter ecological processes that tend to sequester soil and carbon,
shifting from a natural bottom-up to top-down control which increases marsh
vulnerability to die-off.

2.4 Potential Losses of Carbon

The loss of carbon shifts marshes from net sinks to net sources of carbon (as carbon
dioxide and methane) for the atmosphere. McLeod et al. (2011) estimates that since
the 1800s, 25% of global salt marsh area has been lost. Assuming that the global
median carbon stock is 282 Mg Corg ha

�1, that 95% of all carbon has been oxidised
to CO2 (Kennedy et al. 2014) and that 1,150,000 ha of salt marsh has been destroyed,
these losses equate to 1.1 Pg CO2e (equivalents) returned to the atmosphere or
coastal ocean since the 1800s. This figure must be considered minimal because
soil deeper than 1 metre is usually lost on conversion and degradation.

Pendleton et al. (2012) derived a wider suite of numbers for current loss rates by
assuming a 1–2% annual conversion/loss rate of salt marshes. They estimate that
from 237 to 949 Mg CO2e ha

�1 is susceptible, with potential carbon emissions from
all marsh losses and degradation from 20 to 240 Tg CO2e year

�1. These values are
highly variable owing not only to the range of 1–2% conversion, but also assuming a
wide global extent of salt marshes from 2,200,000 to 4,000,000 ha�1. Assuming that
all salt marshes were destroyed and assuming the above-mentioned median C stock
value and the wide range of salt marsh area remaining, the loss of marsh can result in
2.1 to 38.3 Pg CO2 equivalents lost to the atmosphere which is equivalent to 0.5 to
8.3 years of emissions from global forest loss (Hansen et al. 2013). These values are
only crude estimates, but all point to the fact that the potential return of carbon to the
atmosphere upon loss or degradation of marsh habitat is potentially huge.
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Chapter 3
Mangrove Forests

Mangrove forests are composed of woody trees and scrubs living along many coasts
within low latitudes. These tidal forests attain peak luxuriance in sheltered muddy
areas where quiescent conditions foster establishment and growth of propagules, but
they do occur on rocky and sandy shores. Growing above mean sea-level, forest
establishment involves positive feedback in which the trees trap silt and clay
particles brought in by tides and rivers to help consolidate the deposits on which
they grow. This feedback continues until the forest elevation lies above the reach of
tides, and mangroves give way to terrestrial plants over years and decades (Alongi
2016).

As in salt marshes, the mangrove intertidal zone is highly dynamic in space and
time, ever changing and disturbed often enough by storms and cyclones, disease,
pests and anthropogenic intrusions that the natural progression from mangrove to
land occurs rarely along most coastlines. Mangroves are subjected daily to a harsh
environment, experiencing daily tides and seasonal variations in temperature, salin-
ity and anoxic soils, and are thus highly robust and adaptable to ever-changing
conditions.

Mangroves develop and persist in relation to the geomorphological evolution of
low-latitude coastlines, pioneering newly formed mudflats but also shifting their
intertidal position in the face of environmental change.

Mangrove development, like their salt marsh counterparts, can follow a number
of patterns in relation to changes in sea-level. First, the mangrove surface may
accrete asymptotically until sediment accumulation raises the forest floor above
tidal range; this pattern occurs when sea-level is in equilibrium. Second, accretion
may keep pace with a constant rise in sea-level. Third, the forest floor accretes at
times above tidal range when sea-level rise is irregular. Fourth, the forest floor
accretes back to the tidal range with episodic subsidence but with a stable
sea-level. Fifth, under conditions of episodic subsidence but rising sea-level, man-
grove accretion continues at an irregular pace. And finally, when there is no change
in sediment volume with a rise in sea-level, the forest floor is set back (Woodroffe
et al. 2016). These responses point to ever-changing conditions in which mangroves
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have been traditionally classified as forests occupying overwash islands, coastal
fringes, riverine areas and intertidal basins; scrub forests and other unique settings do
occur including forests lying atop carbonate deposits as on coral islands.

Mangroves have evolved many morphological, reproductive and physiological
traits for life in waterlogged saline soils including aerial roots, viviparous embryos,
sclerophylly, low assimilation rates, high root/shoot ratios and high water-use and
nutrient-use efficiencies. Forest structure is relatively simple compared with terres-
trial forests, often lacking an understorey and having comparatively low tree diver-
sity. Species richness is greatest in the Indo-West Pacific. Like salt marshes, tidal
differences in species are frequently expressed in relation to combinations of tidal
gradients in salinity, frequency of tidal inundation, seed predation, competition and
other drivers, the complex interplay of which leads to forests that are mosaics of
interrupted successional sequences.

There are about 70 true mangrove species in 40 genera in 25 families with
25 species in the families Rhizophoraceae and Avicenniaceae, plus a loosely defined
group of mangrove associates that also occur in lowland rainforests, freshwater
swamps and salt marshes. Mangrove food webs are dominated by bacteria and
sesarmid and grapsid crabs but, like salt marsh food webs, have rich pelagic and
benthic components consisting of both terrestrial and marine fauna and flora.

3.1 Capturing and Accumulating Sediment and Carbon

3.1.1 Mechanisms of Capture

Like salt marshes, mangroves actively and indirectly facilitate the capture and
storage of sediment particles and associated carbon into soil horizons and capture
sunlight to fuel growth and production of above- and below-ground biomass. Unlike
salt marshes, above-ground biomass is substantial and can be an important store for
carbon if left uncut. Mangroves are highly productive plants, and these forests can
rival tropical rainforests in production and carbon storage, but can vary in size and
age and thus in rates of primary productivity and carbon balance.

The dynamics of mangrove forests are similar to other forests in that there is an
initial period of early rapid growth during colonisation with early establishment
followed by a slow decline in growth rate into maturity and senescence. The mature
old-growth phase is often prolonged such that an alternate succession state is reached
as the climax stage is reset by successive disturbances. The net result of this
phenomenon is that mangroves may be a carbon sink for up to a century if left
relatively undisturbed.

Despite these capabilities, 75–95% of carbon in mangroves is stored as huge
stocks below-ground in dead roots as most above-ground biomass is eventually lost
due to clear cutting and human use, decomposition and export to the adjacent coastal
zone (Donato et al. 2011; Alongi 2014). Over the long-term and under the right
conditions, carbon is stored as peat. The accumulation of peat is a function not only
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of inputs from litter, roots, fallen tree stems and branches, algae and benthic
organisms, such as burrowing crabs (Andreetta et al. 2014), but also slow decom-
position rates of refractory material, the magnitude and frequency of tides, micro-
and macro-organism activities, tree species and litter composition, moisture and
temperature. As a result of a combination of these factors, peat formation and
accumulation occur in some mangrove forests but not in others. Despite the fact
that microbes and their enzymes are known to play a significant role in decompo-
sition and accumulation of soil organic matter in mangroves, the underlying mech-
anisms of mangrove peat formation are not fully understood. Peat formation has
been described as a ‘enzyme latch’ mechanism in which the amount of carbon
storage is related to the inhibition of a single enzyme, phenol oxidase, under low
oxygen conditions (Saraswati et al. 2016). This is in turn reported to result in the
accumulation of phenolic materials which inhibits the activity of hydrolase enzymes
which suppress the decomposition of organic matter, thus the term ‘enzyme latch’.
In laboratory experiments with peat from Rhizophora mangle forests, Saraswati et al.
(2016) found that under aerobic conditions, soil samples have significantly higher
phenol oxidase activity compared to anaerobic conditions. Soils supplemented with
phenol oxidase show significantly lower phenolic concentration. These findings
suggest that the ‘enzyme latch’ mechanism that operates in peatlands may also
operate in mangrove peat soils.

As in salt marshes, carbon accumulation depends on a number of factors such as
tidal amplitude, forest elevation, location in relation to the open coast and in relation
to a tidal waterway, distance to adjacent aquatic habitats and primary productivity.
Mangroves are not just passive importers of fine particulates but actively capture silt,
clay and organic particles. Active capture involves maintaining particles in suspen-
sion in turbulent wakes created by tree trunks, prop roots and pneumatophores; most
small flocs and free particles settle just before slack high tide. Despite the pull of ebb
tide, most flocs and particles are retained within the forest as turbulence and water
motion necessary for their resuspension is inhibited by the density of tree trunks.
Due to the movement of the turbidity maximum zone where incoming bottom flow
meets outward river flow within an estuary or waterway, mangrove waters have high
suspended loads of mineral and organic particles. Tidal mixing, trapping and
pumping within this zone facilitate flocculation and resuspension of particles. As
these flocs and particles move into the forest on flood tide, turbulence generated by
tidal flow around the trees helps to maintain flocs in suspension. The sticking of
microbial mucus on the soil surface and the formation of excreted pellets by
invertebrates facilitates rapid settling of particles.

The interrelationships between biotic and abiotic controls on soil accretion and
elevation change as the same as those detailed in Sect. 2.1, as are the methods
used to measure soil accretion. Woodroffe et al. (2016) reviewed the current status
of knowledge of sedimentation and response of mangroves to relative sea-level
rise and concluded that (1) accumulation rates of inorganic and organic,
allochthonous and autochthonous sediment vary between and with environmental
settings; (2) mangroves sequester carbon, but their sediments reveal paleo-
environmental records of adjustments to past sea-level changes; (3) radiometric
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dating indicates long-term sedimentation, whereas RSET measurements indicate
shallow subsurface processes of root growth and subsurface auto-compaction;
(4) many tropical deltas also experience deep subsidence which augments relative
sea-level rise; and (5) the persistence of mangroves implies an ability to cope with
moderately high rates of relative sea-level rise. To persist, mangroves must build
vertically at a rate equal to the combined rate of eustatic sea-level rise and land
subsidence. Thus, mangroves have considerable natural resilience in response to
sea-level (Krauss et al. 2013).

3.1.2 Rates of Soil Accretion and Carbon Sequestration

There has been an enormous growth in the literature of soil accretion rates in
mangroves to the extent that a revised analysis of Alongi’s (2012) figures is
necessary. The rate of soil accretion in mangrove forests averages 5.8 mm year�1

with most measurements ranging from 0 to 2 mm year�1 (Fig. 3.1) The median is
3 mm year�1 with one standard error of 1.0 mm year�1 based on a sample size of
n ¼ 229.
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A few measurements show either net erosion (Fig. 3.1) or massive accretion in
highly impacted estuaries in China and Indonesia (Alongi et al. 2005; Sidik et al.
2016). Soil accretion rate is a function of tidal inundation frequency, as it is in salt
marshes, as more frequent inundation of particle-laden water increases the frequency
of particle settlement. Mangroves and salt marshes in high intertidal zones experi-
ence less soil accretion than wetlands located closer to the sea, so there is an overall
pattern of decreasing sedimentation with decreasing tidal inundation frequency.

Below-ground roots and their ability to grow and vertically expand the soil are
another driver of soil accretion, and surface growth of microbial mats and algae as
well as litter and felled wood also contributes to vertical accretion. In some forests,
these biotic forces can contribute more to vertical accretion than accumulation of
particles via tides (McKee 2011; Krauss et al. 2013).

Natural subsidence plays a key role in long-term rates of soil accretion, being an
important driver in estimating the susceptibility of mangroves to changes in sea-level
(Woodroffe et al. 2016). Over long timescales, rates of vertical accretion vary in
relation to climatic variability. Most mangroves are accreting sediment and carbon,
but on some islands in the Pacific and in the Caribbean, sedimentation rates are
slower than rates of sea-level rise. This is despite the fact that accretion rates on some
of these islands are higher than eustatic sea-level rise (Sanders et al. 2010b).
Throughout the Indo-Pacific, Lovelock et al. (2015c) found that recent trends
indicate that at 69 percent of their study sites, the current rate of sea-level rise
exceeds the soil accretion rate. They predict that sites with low tidal range and low
sediment supply could be submerged as early as 2070. Sasmito et al. (2016) came to
a similar conclusion that basin and fringe mangroves can keep pace with sea-level
rise up to 2070 and 2055, respectively, on a global basis.

3.2 Carbon Sequestration Rates

The data (n ¼ 143) for rates of carbon sequestration (CAR) in mangroves indicates
an average (�1 standard error) rate of 171 � 17.1 g Corg m

�2 year�1 with values
ranging from 1 to 1053 g Corg m

�2 year�1 with a median of 103 g Corg m
�2 year�1

(Fig. 3.2). Assuming a global area of 137,760 km2 (Giri et al. 2011) and using the
median value, carbon sequestration in mangroves equates to 14.2 Tg Corg year

�1.
This value is lower than the 23–25 Tg Corg year�1 calculated by Twilley et al.
(1992), Jennerjahn and Ittekot (2002) and Duarte et al. (2005). Like the accretion
data, the standard deviation (204 g Corg m�2 year�1) is greater than the mean of
171 g Corg m

�2 year�1 reflecting the high level of variability in carbon sequestration
among mangroves of different ages and locations.

There is no clear relationship with differences in latitude as it is likely that these
rates are a function of a number of interrelated factors such as forest age, tidal
inundation frequency, tidal elevation, mangrove geomorphology, species composi-
tion, soil grain size, catchment and river input, ocean input and degree of human
impact. Most values were in the range of 1–100 g Corg m�2 year�1 (half of all
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observations) with the highest values being from mature forests, those in close
proximity to river deltas and forests in highly impacted catchments.

3.3 Carbon Stocks

Mangrove carbon stocks (n¼ 168) have been measured in 24 countries spanning the
globe from the Americas to Africa to Asia (Table 3.1). Carbon stock for a mangrove
forest averages 761.4 � 45.5 Mg Corg ha

�1 (� 1 SE) with a range of 37 to 2477 Mg
Corg ha�1 and a median of 723.4 Mg Corg ha�1. Using the median value and
assuming a global mangrove area of 137,760 km2, we derive a global carbon stock
estimate for mangroves of 10 Pg. Jardine and Siilamäki (2014) estimated a global
carbon stock of 5 Pg based on a predictive model using soil carbon concentrations
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against a high-resolution grid. They found that this stock is highly variable over
space with considerable within-country variation.

At the forest level, the smallest carbon stocks are small stands that are primarily
young plantations, while the largest stocks are mature stands. Because of the various
ages and sizes of forest, there is no clear relationship with latitude; some equatorial
forests are young stands, while some of the mature forests are at higher latitudes.
Thus, older more mature forests store more carbon than young or scrub forests. The
median value is close to the value of 703 Mg C ha�1 predicted by Jardine and
Siilamäki (2014).

On average, 91.8% of the total ecosystem Corg stocks is vested below-ground
(below-ground biomass + soil) with a mean above-ground to below-ground ratio of
11.2; the median value is 5.6 with a minimum value of 0.32 and a maximum of 83.2.
The wide span of values reflects the wide range of ages and types of mangrove forest,
from very young monocultures to mature forests. As with salt marshes, the average
of 92% of carbon vested below-ground is a minimum estimate as many forests
contain soil Corg stocks to depths greater than 1 m (Table 3.1).

3.4 Potential Losses

The carbon sequestration and carbon stock data suggest the potential for significant
GHG emissions if the high per area carbon stocks of mangroves are disturbed.
Losses of mangroves by clearing, conversion to industrial estates and aquaculture
and changes in drainage patterns lead to dramatic changes in soil chemistry resulting
in rapid emission rates of GHGs, especially CO2. Lovelock et al. (2011a, b),
for instance, measured the flux of CO2 from mangrove peats that had been cleared
for up to 20 years on the islands of Twin Cays in Belize and also measured gas
effluxes after disturbing these cleared peats. They found that gas efflux declines
from the time of first clearing from 10,600 tonnes km�2 year�1 in the first year to
3000 tonnes km�2 year�1 after 20 years since clearing; disturbing peats led to short-
term increases in CO2 efflux, but this returned to baseline levels within 2 days.

Using a stock-change approach, Kauffman et al. (2014) calculated that the
potential emissions from the conversion of mangroves to shrimp ponds ranged
from 2244 to 3799 Mg CO2 equivalents ha

�1 with all of the Dominican Republic’s
losses of mangroves estimated to have returned 3.8 Gg CO2 equivalents or about
21% of the country’s mangrove carbon stocks to conversion to the atmosphere, an
amount that is among the largest measured carbon emissions from land use in the
tropics. Kauffman et al. (2017) found that mangrove conversion to shrimp ponds
results in GHG emissions ranging between 1067 and 3003 Mg CO2 equivalents ha

�1,
while conversion to cattle pastures results in losses estimated at 1464 Mg CO2

equivalents ha�1 (Kauffman et al. 2016). Similarly, Murdiyarso et al. (2015) and
Alongi et al. (2016) estimated that losses of Indonesian mangroves, marshes and
seagrasses to conversion may equate to losses of roughly 29,040 Gg CO2 equivalents
to the atmosphere. In the world’s largest continuous area of mangrove, the
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Table 3.1 Estimates of organic carbon stocks (Mg Corg ha
-1) in mangrove biomass and soils to a

depth of 1 m

Location Sources Number of Observations Range Mean

Indonesiaa 42 415–2202 1048

Vietnamb 18 979–1904 945

Hondurasc 18 570–1060 921

United Arab Emiratesd 18 77–515 218

Indiae 13 159–360 219

Chinaf 11 114–619 321

Dominican Republicg 9 743–1142 922

Mexicoh 8 381–1358 822

Ecuadori 6 425–580 485

Mozambiquej 6 219–621 478

Ivory Coastk 4 51–176 128

Philippinesl 4 241–660 438

Singaporem 4 37–227 133

Australiae 3 662–2139 1221

Malaysiae 3 995–1432 1267

Micronesian 3 479–1218 1064

Palaun 3 625–840 720

Thailande 3 579–808 662

Madagascaro 3 367–593 499

Bangladeshp 2 343–604 566

Cameroonq 2 2102–2477 2289

Japanr 1 107

Myanmars 1 274

Colombiat 1 196

USAu 1 122

Senegalv 1 674

Liberiav 1 949

Gabonv 1 801
aSources: Donato et al. (2011) and Murdiyarso et al. (2015)
bSources: Alongi (2012) and Nam et al. (2016)
cSource: Bhomia et al. (2016a)
dSource: Schiele et al. (2017)
eSource: Rahman et al. (2015) and Bhomia et al. (2016b)
fSources: Alongi (2012), Alongi (unpublished data), Lu et al. (2014), and Lunstrum and Chen (2014)
gSource: Kauffman et al. (2014)
hSource: Adame et al. (2013, 2015a, b) and Kauffman et al. (2016)
iSource: DelVecchia et al. (2014)
jSources: Sitoe et al. (2014) and Stringer et al. (2015)
kSource: Osemwegie et al. (2016)
lSources: Thompson et al. (2014) and Bigsang et al. (2016)
mSource: Friess et al. (2016)
nSource: Kauffman et al. (2011) and Donato et al. (2012)
oSource: Jones et al. (2014, 2015)
pSource: Donato et al. (2011)
qSource: Ndema et al. (2016)
rSource: Khan et al. (2007)
sSource: Thant et al. (2012)
tSource: Zarate-Barrera and Maldonado (2015)
uSource: Doughty et al. (2016)
vSource: Kauffman et al. (2017)
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Sundarbans of India, Akhand et al. (2016) estimated that between 1975 and 2013,
potential carbon dioxide emission due to the degradation of just the above-ground
biomass of mangroves was about 1570 Gg. Globally, Pendleton et al. (2012)
estimated that total loss of mangroves may account for about 0.09 to 0.45 Pg CO2

equivalents year�1.
Using the known area of mangroves (137,760 km2; Giri et al. 2011) and the

median carbon stock (723.4 Mg Corg ha
�1) and assuming a destruction rate of 1–2%

per year, we can estimate a loss of between 0.27 and 0.59 Pg CO2 equivalents year
�1

which is within the wide range estimated by Pendleton et al. (2012) and is an order of
magnitude greater than the estimate of Atwood et al. (2017). The annual losses of
mangroves add another 5–11% to the recent estimate (Hansen et al. 2013) of global
deforestation (4.6 Pg CO2 year

�1) or offset 23–49% of the carbon sink in the global
ocean’s continental margins (Chen and Borges 2009). These are only rough esti-
mates, but the range of values underscores the global significance of continuing
mangrove losses. If all of the world’s mangrove forests were destroyed and assuming
that 95% of all mangrove carbon was oxidised to CO2 (Kennedy et al. 2014), the loss
would be 30.2 Pg CO2 equivalents which is equal to 6.5 years of carbon emissions
from global forest loss.
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Chapter 4
Seagrass Meadows

Seagrass meadows are intertidal and shallow subtidal habitats composed of up to
76 species of marine angiosperms and are important components of global estuarine
and coastal ecosystems in boreal, temperate and tropical latitudes. Found on all
continents except Antarctica, seagrasses provide habitat, protection and nursery
grounds for economically valuable fishery species, act as indicators of and modify
local water quality and form close links between benthic and pelagic food chains,
and nutrient and carbon cycles (Jackson et al. 2001; Mateo et al. 2006; Unsworth
et al. 2014). They have a high level of connectivity with mangroves and coral reefs
(Unsworth et al. 2008) and are important habitats for food security and human well-
being (Cullen-Unsworth et al. 2014).

Seagrasses are among the most productive primary producers in the sea and, like
mangroves and salt marshes, have strong trophic links to the coastal ocean (Holmer
2009). Roughly half of their primary productivity is contributed by the seagrasses
themselves with the other half coming from associated epiphytes and macroalgae. In
tropical areas where seagrass species diversity (up to 12 species) is greater than in
higher latitudes, dugong, sea turtles and parrotfish directly feed on these angio-
sperms. Many tropical seagrass species are highly productive to the extent that they
can provide most of the fixed carbon for some coastal regions.

A large fraction of this fixed carbon is not consumed by herbivores, and seagrass
tissue is relatively refractory and decomposes slowly. A significant fraction of
seagrass production occurs below-ground as roots and rhizomes where this material
can be preserved over long time scales (Duarte et al. 2005). Seagrass meadows are
net autotrophic, acting as net CO2 sinks. Until recently, the role of seagrasses in
storing carbon has been ignored.

Like salt marshes and mangroves, seagrass meadows are highly dynamic in time
and space with large changes taking place over short intervals. Physical disturbance,
herbivory, intraspecific competition, nutrients, pollution and deposition of fine
particles all play key roles in influencing seagrass biomass, species composition
and area. A number of factors will determine if seagrasses will occur in any given
area, including natural biophysical drivers that regulate physiological activity
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and morphology, such as light availability, temperature, water clarity, salinity, wave
action, currents, depth, substrate, day length, nutrients, epiphytes and diseases. Also,
the availability of seeds and vegetative fragments and anthropogenic inputs, such as
sediment loading and excess nutrients may be important determinants in seagrass
existence.

Widespread losses of seagrass have occurred globally, and about 24% of all
species are at risk of extinction or are now classified as near threatened on the
IUCN’s Red List (Waycott et al. 2009; Short et al. 2011). The rate of seagrass
decline has increased over the past 70 years, from 0.9% per year prior to 1940 to 7%
per year since 1980. Direct impacts such as removal of seagrass during dredging
cause immediate loss, but a large number of indirect impacts cause much of the
permanent and chronic damage to seagrass meadows. These include overfishing,
long-term nutrient pollution and climate change.

Few metabolic studies have been conducted in the Southern Hemisphere to
investigate whether or not seagrass meadows have potential as carbon sinks (Duarte
et al. 2010), but the few studies available indicate that they have large storage
capacity (Duarte et al. 2011) and can form the basis for climate change mitigation
strategies. Seagrass meadows function to trap and bind sediment by trapping
suspended particles from currents and hereby help to clarify the overlying water
column. The root and rhizomes stabilise the sediments and help prevent coastal
erosion during storms, heavy rains and floods. Seagrass detritus is not only an
important trophic link, but accumulates to become an important carbon sink.

4.1 Fluid Dynamics: The Mechanism for Sediment
and Carbon Accumulation

Seagrasses, like their salt marsh and mangrove counterparts, are ecosystem engi-
neers capable by their very existence of reducing the velocity of currents and
attenuating waves to the extent that sediment particles can deposit on their surfaces
and on the seabed. Other factors play important roles in helping to accumulate
carbon, such as canopy complexity, turbidity, wave height and water depth
(Samper-Villarreal et al. 2016). But the essence of what drives the accumulation of
sediment particles and associated carbon is fluid dynamics. The movement of water
among, between and around seagrass blades is the key feature of carbon capture
(Koch et al. 2006).

The main source of energy required to move water is the sun which causes winds
that lead to waves and thermal gradients that lead to expansion, mixing and insta-
bilities in water gradients and thus flow. Seawater, being an incompressible fluid,
moves at a flow rate (Q) which is defined by the velocity (u) of the fluid that passes
through a cross-sectional area, A. Water flow leads to both hydrostatic and dynamic
pressures which are a constant. What this means in practical terms is that the sum of
the pressures helps to explain lift that occurs within, around and under seagrass
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canopies. Drag is another force that operates in the case of water motion and has two
components, (1) viscous drag (Fd) that exists due to the interaction of the seagrass
surface with the water and defined as

Fd ¼ 1=2CdρAu
2 ð4:1Þ

where Cd is the drag coefficient and ρ is the hydrostatic pressure and (2) the dynamic
or pressure drag (Fp) that exists under high flows when flows separate from
boundaries.

Water flow can be either smooth and regular (laminar flow) or rough and irregular
(turbulent flow), depending on the velocity and temporal and spatial scale under
investigation as defined by the Reynolds number:

Re ¼ lu=v ð4:2Þ
where l is the length scale under observation and v is the kinematic viscosity. Re

defines four flow regimes that may occur: (1) creeping flow where Re << 1 which
occurs at very slow flows and spatial scales such as those experienced by microbes,
(2) laminar flow (1 < Re < 103) which is smooth and regular, (3) transitional flow
(Re � 103) which involves the production of eddies and disturbances in the flow and
(4) fully turbulent flow (Re >> 3). These flows are scale-dependent; flow is almost
always turbulent across entire seagrass meadows but laminar at the scale of individ-
ual seagrass leaves.

Flow conditions become more complex when water approaches a boundary such
as the seagrass canopy or seafloor. Water cannot penetrate such boundaries but slips
by it, a condition which leads to the development of a velocity gradient perpendic-
ular to the boundary as the velocity at the boundary will be zero relative to the stream
velocity (U0). As water flows downstream, the velocity gradient will get larger and a
slower moving layer of water will develop next to the boundary. Vertically, there is a
sublayer in which the forces are largely viscous. Consequently, the mass transfer in
this layer is slow, dominated by diffusion, which is called a diffusive boundary layer.
Such boundary layers can become embedded within one another such that it is
possible to define boundary conditions around blade epiphytes, flowers, leaves and
the canopy.

At the molecular level, a boundary layer develops on the sediment surface as well
as on each leaf, shoot or flower as water flows through a seagrass meadow. The faster
the water movement, the thinner the diffusive boundary layer, and thus the transfer
of molecules (e.g. CO2) is faster from the boundary layer to the water column. When
currents are weak, the flux of molecules may be diffusion-limited, but after a critical
velocity (Uk) is reached, the transfer is no longer limited by diffusion but by the rate
of assimilation capacity (i.e. biological or biochemical activity). The mass transfer of
molecules also depends on other factors such as the thickness of the periphyton layer
on the seagrass leaves, reactions within the periphyton layer and the concentration of
molecules in the water adjacent to the leaf-periphyton assemblage.
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At the scale of shoots (mm to cm), a feedback mechanism operates as individual
shoots are affected by the other shoots and its position within the entire canopy
(i.e. edge versus centre of the entire meadow). As water velocity increases, shoots
bend which minimises drag, but the forces exerted on individual shoots are more
complex when waves are involved as a shoot is exposed to unsteady flows in
different directions. This is confirmed by the fact that in wave-swept environments,
seagrass leaves become longer as wave exposure increases (de Boer 2007). Flow
around shoots results in bending but also pressure gradients on the leeward side of
the leaf such that a vertical ascending flow is generated downstream of the shoot.
This water then disperses horizontally at the point where the leaves bend over with
the flow. Interstitial water is also flushed out at the base of the shoot due to the
pressure gradients generated on the sediment surface.

At the whole-canopy level, reduced flows occur within the canopy due to the
deflection of the current over the canopy and a loss of momentum within the canopy
(van Katwijk et al. 2010). Water speed as a result can be 2 to >10 times slower than
outside the meadow. It is this process that allows water and sediment particles to be
trapped during low tide; even short seagrass canopies can still reduce water velocity
(e.g. Zostera novazelandica; Heiss et al. 2000). Vertically, however, water flow
intensifies at the height of the sheath or stem as these parts are much less effective at
reducing water velocity compared with the leaf component. Canopy flow is never-
theless complex because it is a function of the drag or resistance of the leaves on the
water.

Seagrass canopies are overall areas where sediments deposit and carbon accu-
mulates largely due to the reduction in velocity and intensity of turbulence, that is, a
reduction in flow strength that leads to a reduction in resuspension within the canopy
(de Boer 2007). Although few data (Gacia et al. 2003) exist for empirical measure-
ments of sediment deposition in seagrasses, Duarte et al. (2013a, b) estimate a mean
rate of 0.2 � 0.04 cm year�1. Accumulation may be seasonal, especially during
summer when seagrasses are at their maximum density and in winter then
resuspension may be greater than accumulation when seagrasses are minimal,
although roots and rhizomes may alone be sufficient to stabilise the accumulated
deposits (Bos et al. 2007). Epiphytes on seagrass leaves may foster the accumulation
of sediment particles by increasing the roughness of the canopy and increasing the
thickness of the boundary layer on the leaf surface. However, in highly wave-
exposed locations, seagrasses may not accumulate fine sediments due to
resuspension. Indeed, in some cases, sediment may be coarser beneath seagrass
patches as a result of turbulence generated by the leaves themselves.

4.2 Carbon Sequestration

Rates of carbon sequestration in seagrass meadows (n ¼ 396) average
220.7 � 20.1 g Corg m

�2 year�1 (�1 SE) and a median of 167.4 g Corg m
�2 year�1

with values ranging from �2094 to 2124 g Corg m
�2 year�1 (Table 4.1). As there
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are comparatively few sequestration rates derived from dating using radionuclides
(Romero et al. 1994; Mateo et al. 1997; Miyajima et al. 2015; Rozaimi et al. 2016),
most of these numbers were derived from metabolic measurements of annual
primary production and community respiration to determine the amount of carbon
available for storage (Cebrian 2002, Duarte et al. 2010, 2013a, b). Like salt marshes
and mangroves, there is no clear relationship with latitude as many of the most
luxuriant seagrass meadows are composed of Posidonia oceanica in the Mediterra-
nean. The data are skewed towards seagrasses of Florida, Spain and Texas, but there
are seagrass beds at nearly all locations that show net heterotrophy (those with
negative values in Table 4.1), that is, more loss of carbon via respiration than
fixed by the plants. Unlike the data for salt marshes and mangroves, nearly all of
the seagrass data were derived from metabolic studies rather than from empirical
measurements of actual carbon storage; thus these data do not necessarily account
for possible export of ‘excess’ carbon fixed by the plants nor possible import of
carbon from adjacent ecosystems, such as mangroves, salt marshes, coral reefs,
rivers or oceanic inputs. Nevertheless, on average, seagrass meadows store carbon
although apparently less than salt marshes and mangroves. This conclusion was also
reached for tropical Indo-Pacific seagrasses, with an estimated average net sink of
155 g Corg m

�2 year�1 (Unsworth et al. 2012).
The sequestration of seagrass carbon is likely to be underestimated as seagrasses

export a substantial portion of their primary production, both in particulate and
dissolved form. Available evidence indicates that the export of seagrass carbon
represents a significant contribution for carbon sequestration in sediments outside
seagrass meadows and in the deep sea (Duarte and Krause-Jensen 2017).

The effects of physical disturbance on carbon sequestration capacity of seagrasses
has recently been experimentally determined by Dahl et al. (2016). In a series of field
experiments testing the impact of shading and simulated grazing, they found that
treatments of high-intensity shading and high-intensity clipping to simulate grazing
show significantly lower net community production and carbon content in below-
ground biomass than in control plots. This latter effect was caused by erosion of the
surface sediment due to the removal of above-ground biomass. Their findings
indicate that high-intensity disturbances reduce the ability of seagrass meadows to
sequester carbon.

Seagrasses, unlike their marsh and mangrove counterparts, can clearly modify
seawater pH to the extent that this phenomenon may have some bearing on their
ability to withstand ocean acidification. Near a natural volcanic vent off the Italian
coast, Apostolaki et al. (2014) found that at high CO2 levels in close proximity to the
vent, seagrasses have high rates of primary productivity but less biomass possibly
due to greater grazing, nutrient limitation or poor environmental conditions. A
similar result was found in relation to a CO2 vent in Papua New Guinea (Russell
et al. 2013). Thus, seagrass responses to ocean acidification may be complex rather
than a simple overall positive or negative reaction. The capacity of seagrasses to
modify their ambient pH may have implications for nearby coral reefs as the
presence of seagrasses results in a net increase in pH possibly ameliorating the
impacts of acidification (Unsworth et al. 2012).
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The net increase in pH suggests a positive trend between seagrass productivity
and carbonate deposition. Indeed, a study of particulate inorganic carbon (PIC,
mostly CaCO3) in seagrasses has shown that PIC stocks in the top 1 m of sediment
average 654 Mg PIC ha�1 exceeding POC (particulate organic carbon) stocks by a
factor of 5 (Mazarrasa et al. 2015). Meadows dominated by Halodule, Thalassia or
Cymodocea support the highest PIC stocks which decrease polewards by 8 Mg PIC
ha�1 per degree of latitude. Using PIC sediment stocks and estimates of sediment
accretion, Mazarrasa et al. (2015) estimated a mean PIC accumulation rate of 126.3 g
PIC m�2 year�1 or roughly one-half of the estimated rate of organic carbon seques-
tration (Table 4.1). Further, based on the global extent of seagrasses (177,000 to
600,000 km2), seagrasses globally store between 11 and 39 Pg PIC in the top metre
of sediment and accumulate between 22 and 75 Tg PIC year�1. This range of values
suggests a significant contribution to coastal carbonate carbon sequestration by
seagrasses (Gullström et al. 2018; Howard et al. 2018). High rates of carbonate
accumulation imply CO2 emissions from precipitation, but the POC and PIC stocks
between vegetated and un-vegetated sediments demonstrate that seagrass meadows
are strong overall CO2 sinks.

4.3 Carbon Stocks

Published and unpublished measurements of the organic carbon content of living
seagrass biomass and underlying soils were compiled recently by Fourqurean et al.
(2012a, b) based on data from seagrass meadows across the globe. The results show
a wide spread of data of soil organic carbon storage (Fig. 4.1) with most observations
being <100 Mg Corg ha�1 from short (<1 m) cores, but much higher carbon
inventories from cores taken to at least 1 m depth. Overall, a median value of
69.3 Mg Corg ha�1 was derived. Median above- and below-ground biomass were
0.264 and 0.540 Mg Corg ha

�1, respectively, underscoring that nearly all seagrass
organic carbon is stored in soil.

Geographically, it is difficult to discern true trends or patterns in the data owing to
the scarcity of data from many parts of the globe. Nevertheless, it is clear that
meadows of the Mediterranean seagrass Posidonia oceanica have the highest aver-
age soil storage (372.4 Mg Corg ha�1). The median soil Corg stock value is about
equal to the average for terrestrial soils, but about one-fourth of the median for salt
marsh soils and one-tenth that of the median for mangrove soils.

Using estimates of global seagrass area of between 300,000 and 600,000 km2 and
multiplying by the median soil Corg value, we derive a range of global Corg values of
between 2.1 and 4.2 Pg Corg for soils and between 75.5 and 151 Tg Corg for biomass.
If we assume that the 1 m soil data is the most complete inventory, the soil Corg stock
rises to between 5.8 and 9.8 Pg Corg. As with salt marshes and mangroves, soil Corg

stocks can be much greater in systems where unconsolidated soils accumulate to
depths greater than 1 m, such as in Posidonia oceanica meadows where 11 m thick
deposits have been found. Of course, meadows growing on coarse carbonates may
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have fairly shallow deposits of less than a metre with correspondingly small Corg but
large carbonate carbon inventories (Campbell et al. 2015).

Carbon storage in seagrass soils is a reflection of long-term nutrient history. In a
comparison of long-term nutrient history versus short-term nutrient enrichment,
Armitage and Fourqurean (2016) found that in sites undergoing 17 months of
nutrient additions, biomass carbon both above- and below-ground increase but soil
carbon content decrease by about 10% in response to phosphorous addition. There is
also less than 3% organic carbon in soil when seagrass leaf N:P exceeds a threshold
of 75:1 or when below-ground seagrass carbon stock is less than 100 g m�2 in the
experimental plots and within a naturally occurring long-term gradient of phospho-
rus availability. Their results show that even under nutrient-limited conditions,
seagrass beds have very high potential for carbon storage.

Black carbon may, in some instances, lead to an overestimation of carbon stocks.
Chew and Gallagher (2018) found that failure to subtract allochthonous recalcitrant
carbon (black carbon) formed outside the ecosystem overvalues the storage of
organic carbon. They estimate that current carbon stock estimates are positively
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Fig. 4.1 Estimates of soil Corg stored in the world’s seagrass meadows. Updated from Fourqurean
et al. (2012a) using data from Lavery et al. (2013), Campbell et al. (2015), Miyajima et al. (2015),
Phang et al. (2015), Alongi et al. (2016), Rozaimi et al. (2016) and Serrano et al. (2016). Bars
without shading indicate estimates made based on shallow (<1 m) sediment cores, and black
shading indicates estimates based on 1 m length cores
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biased, particularly for low organic seagrass environments, by 18% for temperate
regions and 43% for tropical regions. Obviously, more estimates of black carbon
need to be made in order to more accurately assess seagrass blue carbon stocks.

4.4 Potential Losses

Assuming an annual rate of loss of 7% (Waycott et al. 2009) and global area
estimates of 300,000 to 600,000 km2 (Fourqurean et al. 2012), seagrass decline
returns to either the atmosphere or to the adjacent coastal ocean (or both) from 0.54
to 1.08 Pg CO2 equivalents annually. This range is greater than that for salt marshes
(0.02–0.24 Pg CO2 equivalents) and mangroves (0.27–0.59 Pg CO2 equivalents) and
equal to about one-quarter of the average annual deforestation rate of 4.61 Pg CO2

equivalents.
If all seagrass was destroyed, 7.7 to 15.4 Pg CO2 equivalents would be lost which

is nearly twice to more than three times greater than the annual average rate of
deforestation across the globe. Obviously, the loss of seagrass is an ecological
catastrophe in terms of species and ecosystem services being lost and carbon that
is being either returned to the atmosphere or coastal ocean. Management emphasis is
urgently needed to stem the high rates of seagrass lost annually and to conserve and
restore presently declining meadows.
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Chapter 5
Kelp Forests

Kelp forests are comprised primarily of brown algae in the order Laminariales and
dominate shallow rocky coasts of the world’s cold-water regions. Kelp beds are
phyletically diverse, structurally complex and highly productive ecosystems
containing a wide variety of marine mammals, sea urchins, fishes, crabs, molluscs,
other algae and epibiota. Their global distribution is physiologically constrained by
light at high latitudes and by nutrients, warm temperatures and other macrophytes at
low latitudes.

Kelps belong to three morphological groups or guilds defined by canopy height:
canopy, stipitate and prostrate forms (Steneck et al. 2002). Canopy kelps are the
largest type, producing floating canopies which can grow up to 45 m long.
Macrocystis spp. is the chief genus dominating kelp forests along the west coasts
of North and South America and at various locations such as South Africa, southern
Australia, New Zealand and several subantarctic islands. Smaller canopy kelps
(about 10 m height), such as Nereocystis luetkeana, range from central California
to Alaska, while its Southern Hemisphere counterparts, Ecklonia maxima and Alaria
fistulosa, occur in South Africa and Alaska and the Pacific coast of Asia, respec-
tively. Stipitate kelps are held above the seabed by rigid stipes and include some
species of Laminaria in Europe and the Pacific north and northwest, Ecklonia in
southern Australia and New Zealand and Lessonia in Chile. These forests can grow
from 5 to 10 m in height. Prostrate kelps are the smallest and cover the seabed with
their fronds. This group includes several species of Laminaria which range from the
Gulf of Maine to Greenland and from Iceland to the high Arctic of Norway and south
to the northwesternmost corner of Africa.

Kelp forests profoundly alter local environmental conditions by dampening
waves which influence water flow and associated processes of coastal erosion,
sedimentation, recruitment and benthic productivity; they also reduce light, creating
an understorey favourable for many species that prefer low light conditions. Kelp
architecture provides a habitat, nursery ground and food for a wide variety of
organisms, both pelagic and benthic. Kelps are highly productive and are a signif-
icant source of nutrition via macroalgal detritus; only rarely do herbivores consume
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more than 10% of living kelp biomass. Kelp detritus litters the seabed, becoming
food for detritivores and microbes, thus concentrating and magnifying secondary
production and supporting complex food webs in the coastal zone.

Three interacting processes control the development of kelp forests: recruitment,
growth and competition. Recruitment is often seasonal and influenced by environ-
mental conditions at the time of settlement of zygotes. Growth of kelps depends on
interactions among nutrient availability, temperature and light. Kelps dominate cold-
water regimes but can become physiologically stressed at high temperatures, espe-
cially during periods of low nutrient availability. Kelps have a relatively low
photosynthetic to biomass ratio which constrains them to relatively shallow, well-
illuminated zones; kelps free of herbivores and other forms of disturbance decline
rapidly in frond size and density.

Kelps are mostly threatened by herbivory, usually from sea urchins (Steneck et al.
2002). Widespread kelp destruction occurs when overfishing and the loss of apex
predators triggers herbivore population increases. Urchin-induced deforestation has
been increasing over the past few decades. However, continued fishing down the
food web has resulted in shifting harvesting targets from apex predators to their
invertebrate prey including kelp-grazing herbivores. Thus, some areas have seen a
return of kelp forests. Overfishing appears to be the greatest manageable threat to
kelp forests.

5.1 Do Kelp Forests Sequester and Store Blue Carbon?

Kelp forests are highly productive ecosystems that produce large amounts of fixed
carbon. Kelps produce large amounts of detritus through incremental blade erosion,
fragmentation of blades and dislodgement of whole fronds and thalli. Rates of
primary productivity of kelps range from 9 to 5622 g C m�2 year�1 with average
and median values of 1057 and 664 g C m�2 year�1, respectively (Krumhansl and
Scheibling 2012). Reed and Brzezinski (2009) estimate a global kelp production of
15 Tg C year�1 and that if deep tropical areas are included, then global kelp
production approaches 39 Tg C year�1. They further estimate a global standing
kelp crop of from 7.5 to 20 Tg C.

The estimated global average rate of detrital production by kelps is 706 g C m�2

year�1, accounting for 82% of annual kelp productivity. Rates of detrital production
range from 8 to 2657 g C m�2 year�1, from blade erosion and fragmentation, and
from 22 to 839 g C m�2 year�1 for loss of fronds and thalli. This production is
second only to detrital production in salt marshes and roughly equivalent to produc-
tion in seagrass beds (Krumhansl and Scheibling 2012). Furthermore, based on
nitrogen content and C/N ratio, kelp detritus is more nutritious than salt marsh and
mangrove detritus and is more readily consumed and assimilated by detritivores.

Detritus production is regulated by current and wave hydrodynamics and is
highest during severe storms and as a result of blade weakening through damage
by grazers and encrusting epibionts. Detritus settles within kelp beds and is also
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exported to adjacent as well as distant habitats, such as sandy beaches and the deep
sea. Kelp detritus provides a significant food subsidy and enhances secondary
production in kelp beds and in distal communities that can be kilometres from the
source.

Detritus from plants such as marine macroalgae do contain significant quantities
of carbon resistant to microbial decay (refractory carbon), so although they may
themselves not accumulate organic or carbonate carbon, their detritus will be
valuable in other adjacent habitats for long-term carbon storage (Trevathan-Tackett
et al. 2015).

Kelp beds have been undervalued as prime sites of carbon storage in living
biomass (Smale et al. 2016). Off the UK coast, Smale et al. (2016) found that
standing stocks of kelp range from 251 to 1820 g C m�2 with an average carbon
storage of 721� 140 g C m�2 which is greater than historical estimates. Kelp forests
generally do not develop their own soft organic-rich sediments, so they have limited
capacity to act as long-term carbon sinks in the traditional sense. However, they may
instead act as carbon donors to adjacent benthic ecosystems where kelp detritus
accumulates. Hill et al. (2015) recently estimated that 109.9 to 274.7 Tg C is stored
in temperate Australian macroalgae (mostly kelps) with an additional estimate of
23.2 Tg C derived for tropical and subtropical regions globally. They point out that
the vast bulk of carbon storage in kelp forests is in living above-ground biomass, but
there is opportunity for calcifying macroalgae, such as Halimeda, to store large
quantities of carbonate carbon in macroalgal beds in subtropical and tropical areas.
Halimeda bioherms have been estimated to contribute 400 Tg C year�1, and
rhodolith-forming species can produce from 60 to 1000 g CaCO3 m�2 year�1.
However, the amounts of carbonate carbon globally are difficult to quantify owing
to a lack of data.

The data collated by Krause-Jensen and Duarte (2016) suggest that macroalgae
such as kelps can be a significant source of carbon to the deep ocean. Their analysis
indicates that as much as 173 TgC year�1 (range, 61–268 TgC year�1) of macroalgal
carbon can be sequestered globally with about 90% of this sequestration occurring
through export to the deep sea and the rest through burial in coastal sediments.

Carbonate carbon has not generally been considered in estimates of blue carbon
because the calcification process results in the release of 1 CO2 molecule for every
molecule of CaCO3 formed:

2HCO3
� þ Ca2þ ! CaCO3 þ CO2 þ H2O ð5:1Þ

However, the carbon dioxide produced during this process can be rapidly utilised in
photosynthesis; even if not, there is still the net conversion of one HCO3

� molecule
into one calcium carbonate molecule, that is, calcification still results in the draw-
down of carbon in the minerals aragonite or calcite. Hill et al. (2015) argue that
calcification should be considered in any blue carbon calculations in future as, if
included, this process would constitute a further sink of 0.34 Pg C year�1 globally.
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5.2 Kelp Carbon and Climate Change

Macroalgae such as kelp may respond positively to global climate change, including
the problem of ocean acidification which may benefit macroalgae that are able to
capitalise on increased inorganic carbon availability for photosynthesis (Koch et al.
2013; Celis-Piá et al. 2015) although not all species may show such effects
(Fernández et al. 2015). In laboratory experiments, the giant kelp Macrocystis
pyrifera did not show a change in photosynthetic or growth rates under conditions
of elevated CO2 supply and lower pH (Fernández et al. 2015). This result was
explained by the greater use of HCO3

� compared to CO2 to support photosynthesis.
Along a natural gradient of CO2 concentrations in proximity to a submarine CO2

seep off Italy, Celis-Piá et al. (2015) found that other environmental conditions such
as light and nutrient levels play a key role in the response of the non-calcifying
macroalga Cystoseira compressa and the calcifying Padina pavonica to ocean
acidification. Using a suite of biochemical assays, they found that both algae
benefited from elevated CO2 levels, although their responses varied depending on
light and nutrient availability. In C. compressa, elevated CO2 resulted in higher
carbon content and antioxidant activity in shaded conditions with and without
nutrient enrichment, whereas P. pavonica also showed high carbon content, higher
photosynthetic efficiency and higher quantum yield in elevated CO2 treatments, but
had higher concentrations of phenolic compounds in nutrient-enriched, fully lit
conditions and more antioxidants in shaded nutrient-enriched conditions. Thus, it
appears that the responses of kelps and other macroalgae to ocean acidification are
species-specific.

In an acidifying marine realm, it may be possible to take advantage of the
responses of some macroalgae. Chung et al. (2011) predicted that CO2 acquisition
by marine macroalgae can represent a considerable sink for anthropogenic CO2

emissions and that harvesting and appropriate use of macroalgal primary production
could play a greater role in carbon sequestration than previously believed. About 7.5
to 8 million tonnes wet weight of seaweeds are harvested annually from wild and
cultivated sources. Of course, this harvested biomass would have to be used as a
means of storage such as in pulp rather than in reuse and return to the atmosphere.
These seaweeds can also be used for mitigation and adaptation against global
warming as discussed in the next chapter.
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Chapter 6
The Blue Economy: Mitigation
and Adaptation

While the science of developing an adequate database for carbon capture and storage
in coastal ecosystems has progressed, the application of this data for actual blue
carbon projects and the practical running of a blue carbon project for mitigation and
adaptation have also progressed, although not without problems; the truth is that
most projects have had low success rates (see Sect. 6.2.1). The scientific literature is
still divorced from the management literature reflecting the fact that under most
circumstances, research and management discussions are held separately. Thomas
(2014) noted in an analysis of the blue carbon literature that scientific concepts of
mutual relevance cluster together but that user-defined concepts of business, enter-
prise, finance, funding and costs tend to appear as outliers, with only a single thread
linking them to the concept of blue carbon. In other words, the scientific literature of
blue carbon is distinct from the management and economic literature. It seems that
science and management of blue carbon are nearly mutually exclusive, reflecting the
fact that scientists and managers (and business people) are not interacting with
regard to blue carbon. Scientists are viewing blue carbon as a science problem and
leaving it to managers to apply the science.

These problems have not stopped the push to incorporate blue carbon into what is
now called the ‘blue economy’. Spaulding (2016) summarises what is driving the
new blue economy: a push to adapt the UN Sustainable Development Goals (SDG)
for the global ocean, especially Goal 14 ‘Conserve and sustainability use: the oceans,
seas and marine resources for sustainable development’. This goal reflects an
upgrade on the traditional ocean economy of offshore oil and gas, recreation and
commercial fishing, aquaculture, shipping, coastal tourism and telecommunications
into renewable energies, remediation/restoration, seabed mining and blue biotech-
nologies. The new blue economy is thus an upgrade from destructive extraction-
focused businesses to sustainable, clean technologies, including blue carbon. The
new blue economy is to promote economic benefits of ‘good for the ocean’ indus-
tries and activities while ensuring truly sustainable development. The problem is
how to classify these different industries under one umbrella to ensure a level of
stewardship, good environmental and social practices and the use of the
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precautionary principle in industry to minimise the chance of unsustainable devel-
opment or industrial accidents or perverse outcomes. Again, the problem remains
how to incorporate science into the new blue economy given the reluctance of
scientists and managers to cooperate.

This problem is one of several that we will explore in this chapter. Needless to
say, it is not uncommon in this author’s opinion for scientists and managers to speak
different languages and to operate separately. Rare is the environmental problem
where scientists and managers work closely together to foster the best outcome. Such
linkage is and will remain crucial for successful blue carbon projects.

6.1 Ecological Economics

The ‘tragedy of the commons’ principle stresses that in a situation within a shared
resource system, individual users acting independently (according to their own self-
interest) will behave contrary to the common good of all users by depleting that
resource through collective action. Wilkinson and Salvat (2012) have asserted that
this concept applies to coral reefs, mangrove forests and seagrass beds in the tropics,
accounting from much of the degradation of coastal resources. Despite scientific
advances in our knowledge of such ecosystems and considerable conservation and
management effort, they continue to decline. In the tropics, much of this decline in
coastal resources is due to increasing exploitation driven by poverty and progress; in
the rest of the world, pollution and so-called economic progress have resulted in a
concomitant decline in salt marshes and kelp forests. Thus, the global decline in
coastal resources has continued unabated making mitigation and adaptation projects
and education a higher priority more than ever. Wilkinson and Salvat (2012)
concluded that the solution to the problem will be implementing exceedingly
difficult and controversial moral decisions.

With blue carbon, such decisions will need to be made at the national level, but
the reality is that humans preserve best what is most financially and culturally
valuable to them. The concept of a blue carbon project is economically viable; the
high cost/benefit ratios for loss versus conservation of coastal ecosystems are high,
with economic damage resulting from conversion currently amounting to between
$6 to $42 billion US per year (Pendleton et al. 2012; Thomas 2014). Planning and
investment decisions are based on direct financial benefits rather than broader
environmental or economic concerns. A good example is shrimp farming where
mangrove deforestation is a product of coastal aquaculture. Incomes from this
industry range from $700 US per hectare to as much as $36,000 US per hectare
with an average of about $6000 US. This is crucial because, in theory, ecosystem
protection may be viable at moderate carbon prices to yield positive mitigation and
adaptation outcomes; net economic returns on investment may be possible for as
little as $15 to $20 US per hectare (Murray et al. 2011; Siikamäki et al. 2012). In
practical terms, what this means is that to replace this income from farming, carbon
payments would need to be at least $3.14 US per Mg CO2 equivalents for low-profit
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farmers, $27 US for the average farmer and $156 US for high-income farmers (Yee
2010). The implication for blue carbon is that for a farmer to invest in conservation
of resources rather than to continue farming, this option must have greater financial
potential.

6.1.1 Payment for Ecosystem Services (PES)

Another one of the problems associated with blue carbon science and management is
having a proper understanding of the actual cost of an ecosystem service, which is a
tangible good or intangible function that benefits people. As pointed out by Lau
(2013), coastal ecosystems simultaneously provide a number of services in addition
to the potential for carbon storage. For instance, a mangrove forest or salt marsh may
provide food, fuel, natural products, shoreline stabilisation, natural hazard protec-
tion, nutrient regulation (e.g. from storms, cyclones and floods), waste processing as
well as supporting cultural services such as tourism, recreation, education spiritual
values and aesthetics. In reality, these different services are all interconnected as well
as interlinked to adjacent coastal ecosystems. A salt marsh, for instance, can provide
some degree of protection from storm surges while also sequestering carbon and
providing food (e.g. fish and shellfish) to locals as well as serving as a nursery
ground for commercially valuable fisheries. Mangroves and seagrass meadows
perform identical multiple functions that cannot be easily separated from one
another. Further, their ability to perform such functions may depend upon the health
of their own system, but also adjacent habitat, thus having cascading effects across
ecosystems in the coastal zone.

With this service concept, ecosystem functions can be costed in terms of their
ability to assist human well-being. For example, in 2003, coral reefs were estimated
to provide $29.8 US billion annually in net benefits to humanity (Cesar et al. 2003).
Tourism and recreation account for 32% of this value, coastal protection accounts for
30%, while fisheries and biodiversity account for 19%. Similarly, the World
Resources Institute’s Reefs-at-Risk programme estimates that the shoreline protec-
tion value of coral reefs and mangroves in Belize alone amounts to $231–$347 US
million (Cooper et al. 2009), which approximates 9–14% of the nation’s gross
domestic product.

In Colombia, carbon sequestration benefits have been modelled into an economic
system that has valued both mangrove and seagrasses within a new network of
marine protected areas (Zarate-Barrera and Maldonado 2015). The model considers
the capacity of mangroves and seagrasses for capturing and storing blue carbon and
simulates scenarios for the variation of key variables, such as the market carbon
price, the discount rate, the natural state of loss of these ecosystems and the
expectations about the post-Kyoto agreements. The results of the model show that
the expected benefits of blue carbon storage are substantial, but highly dependent on
post-Kyoto negotiations and the dynamics of the carbon credit’s demand and supply;
natural loss rate of these ecosystems had no significant effect on the annual value of
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carbon stored. More importantly, under this scheme, the annual rates of carbon
capture would increase from 49 to 94%, and total carbon storage would increase
from 49 to 68% with respect to current protection areas.

A cost-benefit study has been done for mangrove plantations in northern Bohol in
the Philippines to estimate the benefits, if any, of a ‘win-win’ scenario to mitigate
climate change. Carandang et al. (2013) used three carbon prices in the international
market to determine the net incremental benefits at different ages of mangrove
plantations as well as net present values (NPVs) and prices of these plantations.
They found that at the lowest price of $10 US per tonne the NPV is negative with it
starting to become positive at a carbon price of $15US per tonne at year 20 up to year
50 with the corresponding computed NPV would be $167.16 US at year 20 and
$467.14 US at age 50. All NPVs are positive once the carbon price reaches $20US
per tonne. Therefore, establishing a carbon market for mangrove plantations is
feasible, but very sensitive to the international carbon price. The additional problem
would be the number of years of growth required to sustain mangrove carbon
biomass during which time there is no guarantee what the carbon price on the
international market will be.

While seagrass plantations do not yet exist, the sensitivity of payments for
ecosystem services to carbon prices would also be an issue. Dewsbury et al.
(2016) reviewed the prospects for further inclusion of seagrasses in climate policy
frameworks as well as the potential for developing payment for ecosystem service
(PES) schemes that are compatible with carbon management. They found that the
prospects are slim, especially if targeted at the regulatory carbon market. This
conclusion was reached mainly because of the doubts about the costs and financial
markets and their relative instability. Voluntary carbon market schemes may be more
promising, but these too are instable making a purely carbon market-based approach
questionable, meaning that fluctuating carbon prices would impose excessive risk for
a viable return on investment. Like mangroves and salt marshes, seagrass plantations
or seagrass conserved areas would require a significant investment in time during
which the international carbon price may fluctuate. What may seem as a solid
investment at the start of a project may not be so solid several years later.

Some services (e.g. fisheries) are easier to estimate than others, and some are
virtually impossible to estimate (e.g. cultural values). The problem is that there is no
adequate ‘one-size-fits-all’ policy to determine the valuation of ecosystem services.
As Lau (2013) points out, there are new policy tools and management mechanisms
to correct for undervaluation and market failures, but at this stage, there is not even
one overarching definition of payment for ecosystem services (PES).

Currently the valuation for PES is captured mostly for provisioning services such
as fisheries while there is still a large gap in capturing the value of regulating,
supporting and cultural services. Nevertheless, Lau (2013) has offered a framework
for developing a PES scheme for blue carbon. First, clear identification of the
ecosystem service in question (carbon sequestration) as well as the habitats where
it is found and the biological and physical attributes contributing to provisioning of
the ecosystem service is required. Second, the range of stakeholders who might be
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directly involved in the scheme should be identified. Third, the availability and
suitability of performance indicators for baseline assessment and monitoring, the
measurement of uncertainty and the management activities for achieving desired
results need to be determined. For instance, the tonnes of CO2 sequestered or in
emissions avoided or carbon sequestration rates, the uncertainty of the methodolo-
gies used and proxy management activities such as prevention or reduction in
deforestation/degradation are all issues that need to be considered in any PES
scheme.

Few studies have estimated a monetary value for PES as it is difficult to so do for
the reasons just discussed. However, Estrada et al. (2015) determined the value of
mangrove carbon storage in south-eastern Brazil considering pre-existing estimates
of carbon storage in the above-ground biomass and average transaction values of
carbon credits. The mean monetary values ranged from $19.00 US ha�1 year�1 for
high intertidal basin forests to $82.28 US ha�1 year�1for low intertidal fringe forests.
They estimated that the service of carbon sequestration may be worth up to $455,827
US year�1 while carbon stored is worth $3,477,041 US across all mangrove forests
and values between $104,311 and $208,622 US ha�1 year�1 can be considered as
the annual maintenance costs of this service.

The use of PES for coastal conservation via blue carbon appears feasible despite
shortcomings. More research is required to elucidate the best practices to overcome
these difficulties. For instance, more science and economics connecting specific
management activities to produce a quantifiable outcome are necessary, as well as
metrics and performance indicators to assess baselines and measure service delivery
are required.

Also, new institutional frameworks will be required to manage payments and
verify service delivery; education and capacity building will be required given the
newness of such PES schemes. Payment for carbon credits is a clear outcome that
can basically follow terrestrial PES schemes in including other ecosystem services
(or at a minimum not excluding them). For example, managing a salt marsh to
maximise carbon sequestration may not necessarily maximise the other ecosystem
services. Perverse outcomes must thus be minimised. The key will be to identify
those situations for which ‘payments will be effective, cost-efficient, equitable and
culturally acceptable, and those for which payments are not’ (Lau 2013).

6.1.2 Regulatory and Policy Matters

Existing voluntary and regulated carbon markets are not equipped to address the
complexities of social/ecological systems, for example, the problem of land tenure
and traditional ownership. Markets do not recognise non-financial social and envi-
ronmental benefits that might result in ecosystem-based carbon management. Pro-
jects are unlikely to proceed without providing goods and ecosystem services due to
technical, institutional, administrative and financial constraints. Stakeholder engage-
ment is required as blue carbon projects need to be commercially attractive
propositions.
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Insurance markets may be a way to finance or insure carbon products, that is,
carbon stores are well-recognised as a market-based commodity. Certainly, govern-
ments and land owners have some incentive to insure their investment although there
are constraints on the insurance pathway: lack of regulatory requirements, the
absence of commercial incentives and resources, and physical practicalities (Thomas
2014). Thomas (2014) suggested that property insurance may be applied to blue
carbon projects as carbon values and the wetlands themselves are already recognised
in existing market-based instruments. A risk management approach involving a
regulated or voluntary insurance instrument could be used to support a functional
market for blue carbon.

The problem of time is a significant qualifier in any means to incorporate blue
carbon projects into carbon markets. Plants take time to grow, and unlike commer-
cial projects such as wheat, corn, barley, rice and rye, salt marsh grasses and
seagrasses cannot be used as a commercial carbon product as nearly all of their
carbon is stored in soils which take time to sequester significant and marketable
amounts of carbon. Duarte et al. (2013a, b) recently examined the long-term
potential of carbon sequestration in a seagrass restoration project by developing a
model that combined models of patch growth, patch survival in seagrass planting
projects and estimates of seagrass CO2 sequestration per unit area for five seagrass
species commonly used in restoration projects. They found that the cumulative
carbon sequestered increased rapidly over time and planting density plateaued at
100 plants ha�1. At this planting density, the modelled cumulative C sequestered
ranges from 177 to over 1337 Mg CO2 ha

�1 over 50 years. The model thus suggests
that the costs of seagrass restoration programmes may be fully recovered by the total
CO2 captured if there was a carbon tax in place in the given locale. Seagrass
restoration programmes are therefore economically viable strategies to mitigate
climate change through carbon sequestration.

The International Blue Carbon Policy Working Group has developed a blue
carbon policy framework (Herr et al. 2012). Such a policy is timely as scientific
understanding of wetland carbon capture and storage is sufficient to warrant devel-
opment of effective policy, management and conservation incentives for coastal blue
carbon. The development and implementation of blue carbon projects requires a
policy framework that can deal with the management, conservation and financial
issues arising from such a project. The policy framework was designed to:

• ‘Define activities and a timeline to increase policy development, coastal planning
and management activities that support and promote avoided degradation, con-
servation, restoration and sustainable use of coastal blue carbon systems;

• Define actions and a timeline to develop and implement financial and other
incentives for climate change mitigation through conservation, restoration and
sustainable use of coastal blue carbon;

• Identify key stakeholders, partners and blue carbon champions to implement the
identified policy actions and define materials and products needed to support such
activities; and
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• Identify opportunities, limits and risks of advancing blue carbon in different
international climate, coastal and ocean policy fora’.

Table 6.1 summarises the five basic precepts for a policy framework on integrat-
ing blue carbon into the UNFCCC and other international and financing processes
and markets. It also recommends a series of demonstration projects to begin the
process of actually running a blue carbon project and bringing it to fruition. Blue
carbon science and management need to be incorporated into international, regional
and national frameworks that already exist to support climate change mitigation

Table 6.1 Summary of the blue carbon policy framework

1. Integrate blue carbon activities fully into the international policy and financing processes of the
UNFCCC as part of mechanisms for climate change mitigation

‘Ensure recognition and inclusion of blue carbon sinks and sources into the outcome of the
Durban Platform’

‘Build awareness in the climate change policy community of the strength of scientific evidence
of the carbon sequestered and stored in coastal ecosystems and of the emissions resulting from the
degradation and destruction of these systems’

‘Enhance the scientific and technical basis (data, reporting and accounting guidelines, meth-
odologies, etc.) for financing of coastal carbon management activities’

‘Access carbon finance through UNFCCC mechanisms and related funding streams’

‘Include blue carbon management activities as incentives for climate change mitigation by
Annex-I Parties’

‘Monitor discussions on agriculture and its relevance for blue carbon’

‘Support capacity-building activities to implement blue carbon management activities’

2. Integrate blue carbon activities fully into other carbon finance mechanisms such as the
voluntary carbon market as a mechanism for climate change mitigation

3. Develop a network of demonstration projects

‘Develop a strategic approach for the coordination and funding of demonstration projects’

‘Provide capacity building at local and national level’

4. Integrate blue carbon activities into other international, regional and national frameworks and
policies, including coastal and marine frameworks and policies

‘Enhance implementation and inform financing processes of relevant Multilateral Environ-
mental Agreements (MEAs) that provide policy frameworks relevant for coastal and marine
ecosystem management’

‘Use existing international frameworks to advance and disseminate technical knowledge on
coastal ecosystems management for climate change mitigation’

‘Use existing international frameworks to raise awareness of role of conservation, restoration
and sustainable use of coastal ecosystems for climate change mitigation’

‘Integrate coastal ecosystem conservation, sustainable use and restoration activities as a
mechanism for climate change mitigation into relevant regional policy frameworks’

‘Integrate coastal ecosystem conservation, sustainable use and restoration activities as a
mechanism for climate change mitigation into existing national, subnational and sectoral policy
framework’

5. Facilitate the inclusion of the carbon value of coastal ecosystems in the accounting of
ecosystem services

From Herr et al. (2012)
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utilising coastal ecosystems, namely, wetlands such as salt marshes, mangrove
forests and seagrass meadows.

The UNFCCC is the main mechanism by which blue carbon will be included into
international frameworks. The UNFCCC in Article 4(d) calls for parties to ‘promote
sustainable management, and promote and cooperate in the conservation and
enhancement, as appropriate, of sinks and reservoirs of all greenhouse gases not
controlled by the Montreal Protocol, including [. . .. . .] oceans [. . .. . .] as well as
[. . .. . .] other coastal and marine ecosystems’. As pointed out by Herr et al. (2012),
coastal ecosystems have been largely excluded from UNFCCC-related mechanisms
despite Article 4(d). However, a number of other mechanisms exist that currently
support emission reductions and removals from natural systems under the UNFCCC:
REDD+ (Reducing Emissions from Deforestation and Forest Degradation),
NAMAs (Nationally Appropriate Mitigation Actions) and LULUCF (Land-Use
and some Land-Use Change and Forestry) including those implemented under
CDM (Clean Development Mechanism). Blue carbon may therefore be included
in these activities.

Outcomes from the new Durban Platform (a working group has been agreed
under the 2011 UNFCCC COP17 meeting in Durban to address a variety of topics
on mitigation, adaptation, finance, technology development and transfer, transpar-
ency of action and support and capacity building) have incorporated the contribution
of natural carbon sinks and reservoirs to climate change mitigation and thus may
include blue carbon activities.

Unfortunately, the climate change policy community is largely unaware of blue
carbon research to date (Herr et al. 2012), so it is urgent that the level of awareness be
highlighted to include the magnitude and strength of the ability of salt marshes,
mangroves and seagrasses to sequester and store carbon and the danger of the
continuing decline of the wetlands for GHG emissions.

Recently, the 2013 IPCC Guidelines for National GHG Inventories was com-
pleted with a chapter on coastal wetlands (Kennedy et al. 2014). This chapter has
established data, reporting and accounting guidelines and levels of methods required
to estimate national inventories of GHG emissions from salt marshes, mangrove
forests and seagrass meadows. This chapter thus enhances the scientific and techni-
cal basis for financing of coastal carbon management activities.

To access carbon finance through UNFCCC mechanisms and related funding
streams, Herr et al. (2012) recommend that (1) mangroves be incorporated into
REDD+ activities as for terrestrial forests, (2) NAMAs be developed for coastal
carbon ecosystems and (3) improved management of blue carbon coastal systems
through climate change adaptation financing be supported. Capacity building also
needs to be supported as it is essential for developing nations to have the ability to
conduct and manage their own blue carbon projects. It has also been pointed out that
other carbon finance mechanisms can be used to fund blue carbon projects, such as
current organisations like the Verified Carbon Standard (VCS) or the American
Climate Registry (ACR) which are used by carbon mitigation projects to verify and
issue carbon credits for the international voluntary offset market.
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A network of demonstration projects is needed to show the viability of blue
carbon and to work out in a practical way the problems and pitfalls of running a
project. Demonstration projects will provide a venue for testing methodologies and
for testing tools for the UNFCCC and other frameworks that support carbon
accounting. Capacity building is also a good reason for demonstration projects as
they are essentially a teaching tool for national abilities to work and run a project.
The most challenging problem for demonstration projects is getting the initial
funding.

Blue carbon needs to be integrated into international, regional and national
frameworks and policies, and there are a number of policy frameworks that already
make reference to conservation, sustainable use and restoration of, and reduced
emissions from, coastal ecosystems: the Convention on Biological Diversity
(CBD), Ramsar Convention on Wetlands (RAMSAR), UN Conference on Sustain-
able Development (Rio +20), UN Open-ended Informal Consultative Process on
Oceans and the Law of the Sea and UNEP Global Programme of Action for the
Protection of the Marine Environment from Land-based Activities (GPA-Marine).
Meetings and communications associated with policy frameworks will provide an
opportunity for building awareness and support for coastal blue carbon.

Blue carbon as a vehicle for conservation, sustainable use and restoration also
needs to be fully integrated into existing national and regional policy frameworks as
a mechanism for climate change mitigation. This may be time-consuming and
difficult as only some developing nations have a national or a series of subregional
policies on blue carbon or coastal ecosystem use in climate change mitigation.
Perhaps the best way to accomplish integration is to communicate the strength of
the coastal carbon sinks and how wetlands link closely into existing frameworks on
policies for watersheds, including agriculture and flood control. Another pathway to
integration is the insurance industry, which already recognises the value of coastal
habitats in protection against storm damage, sea-level rise and flooding risk. Inte-
gration may also be forthcoming in the aquaculture industry when the emissions
from aquaculture are offset by the savings from conserving remaining habitat; we
have seen in earlier chapters how great GHG emissions are as a result of habitat
destruction. This pathway may also take advantage of stacking and bundling of
ecosystem services as, for example, remaining mangrove forests in close proximity
to a shrimp farm may still retain a nursery function and other functions such as
shoreline protection, water clarity and a source of biodiversity.

These later functions are well-established for blue carbon wetlands, but vulner-
ability assessments are still needed involving basic science parameters of the eco-
system as well as local community knowledge. There is also the need to highlight the
critical role of social factors in vulnerability assessment and development planning
as well as the need to incorporate other ecosystem services such as maintaining
biodiversity and storm protection. However, one of the main problems with vulner-
ability assessments traditionally is that they tend to focus solely on sea-level rise
without considering other aspects of climate change. Osland et al. (2016) make the
argument that macroclimatic drivers (temperature, rainfall) need to be considered in
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vulnerability assessments as they are for terrestrial ecosystems. They show how even
small changes in macroclimatic conditions can foster large changes in wetland
ecosystem structure and function.

6.2 Restoration and Management

A number of blue carbon projects have been and are currently operating, mostly
recently as demonstration projects involving the rehabilitation and restoration of
mangrove forests (Table 6.2). Most are capacity-building exercises and financed
from research or public development institutions; few are private sector projects
through generation of carbon offsets for the voluntary/regulated carbon market. No
project as yet has sold carbon offsets to market illustrating that at this point in time
blue carbon is either not yet a viable market commodity or communication with
private investors is lacking. It is also true to say that blue carbon is still a new
initiative and it will take some time to generate private investment until these
demonstrations projects provide ‘proof of concept’. Wylie et al. (2016) describe
the tools necessary to make a successful blue carbon project by examining case
studies; there are benefits in (1) incorporating livelihood aspects as part of the project
and (2) involving members of the local community in all stages of planning and
implementation. The importance of involving local communities is common sense as
a project cannot succeed in isolation. Community involvement ensures that ‘leakage’
does not occur, that is, protection in one place does not lead to destruction someplace
else. Blue carbon projects may not be able to overcome the threats that will likely
occur due to local use of, for example, mangroves unless the local community sees
benefit such as opportunities for income. Wylie et al. (2016) argue that there is much
benefit in small, community-based projects in financing via the voluntary carbon
market as the requirements are less stringent than financing via UNFCCC
mechanisms.

The reader is referred to the following websites for updates on current and future
projects: thebluecarbonproject.com, thebluecarboninitiative.org and
blucarbonportal.org.

6.2.1 Success or Failure: What Does and Doesn’t Work

The current projects are small-scale and focused on science or economics with little
if any merging of the two, and it will take some time to fully integrate them into the
conservation and management sphere, at least not until they achieve ‘proof of
concept’ successfully. In fact, a perusal of the literature indicates that most restora-
tion and rehabilitation projects, especially of salt marshes and seagrass beds, have
failed to meet success criteria. Landscape setting, habitat type, hydrological regime,
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Table 6.2 Some blue carbon projects past and present around the globe

Location System Activity Proponents
Project
type

Financial
return Other outputs

Brazil S DC Instituto de
Oceanografia-
Federal Univer-
sity of Rio
Grande

R None Biophysical
data including
carbon
dynamics

Brazil S DC Universidade
Estadual de Rio
de Janeiro;
Universidade
Federal of Rio
Grande;
Universidade
Federal de Santa
Catariana e
Universidade
Federal Rural de
Pernambuco

R None Biophysical
data including
inferred carbon
stocks

Brazil SM, S,
M

DC Institute of
Oceanography-
University of
Sao Paulo with
collaboration of
39 Brazilian
institutions

R None Biophysical
data including
inferred carbon
stocks

China M DC Tsinghua Uni-
versity; Xiamen
University

R None C sequestration
and flux base-
line data; social
and demo-
graphic data

Tanzania M DC WWF; Sokoine
University of
Agriculture;
University of
Dar es Salaam;
Lawyers Envi-
ronmental
Action Team;
Journalists
Environment
Team

R None C sequestration
and flux base-
line data;
REDD+ policy
integration

USA SM R University of
Maryland; US
Fish and Wild-
life Service

R None C sequestration
and flux base-
line data

M R, AE PES None

(continued)
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Table 6.2 (continued)

Location System Activity Proponents
Project
type

Financial
return Other outputs

Democratic
Republic of
the Congo,
Cameroon

UNEP; Camer-
oon Wildlife
Conservation
Society; UNEP-
World Conser-
vation Monitor-
ing Centre;
Kenya Marine
and Fisheries
Research
Institute

C sequestration
and flux base-
line data;
REDD+ policy
integration

Madagascar M R, AE Blue Ventures PES None C sequestration
and flux base-
line data;
REDD+ policy
integration

Gambia,
Guinea and
Guinea-
Bissau

M R, AE UNEP, Canary
Current Large
Marine Ecosys-
tem; Wetlands
International;
IUCN

PES None Biophysical
data including
carbon
dynamics

Indonesia M R Wetlands Inter-
national; The
Nature Conser-
vancy; Deltares;
Wageningen
University; var-
ious Indonesian
partner
organisations

PES None Research and
publication of
‘Mangrove
Capital’ to
guide planning
and
development

Costa Rica M DC Tropical Agri-
cultural
Research and
Higher Educa-
tion Center;
BIOMARC
Project;
Universidad
Nacional de
Costa Rica

PES None C sequestration
and flux base-
line data; com-
munity partici-
pation and
capacity
building

Abu Dhabi,
UAE

M DC Abu Dhabi
Global Environ-
mental Data Ini-
tiative (AGEDI)

BC None C sequestration
and flux base-
line data;
REDD+ policy
integration

(continued)
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Table 6.2 (continued)

Location System Activity Proponents
Project
type

Financial
return Other outputs

Philippines M, S DC Science &
Technology
Research Part-
nership for Sus-
tainable Devel-
opment; JICA-
JST; Tokyo
Institute of
Technology

BC None C sequestration
and flux base-
line data;
REDD+ policy
integration

USA SM AE Waquoit Bay
National Estua-
rine Research
Reserve;
NOAA;
National Estua-
rine Reserve
Research Sys-
tem Science
Collaborative

BC None C sequestration
and flux base-
line data; car-
bon stock
assessment tool

Vietnam M AE SNV Nether-
lands, IUCN,
International
Climate Initia-
tive, German
Federal Minis-
try for the Envi-
ronment, Build-
ing and Nuclear
Safety (BMU),
Minh Phu
Liveihoods,
Danone Fund
for Nature

BC Premium
market
price from
shrimp
while con-
serving
mangroves

Financing from
Naturland
Organic
Shrimp
Certification

Panama M AE UNDP; Panama
Environment
Authority; Pan-
ama Aquatic
Resources
Authority; The
Nature Conser-
vancy; Wet-
lands
International

BC None C sequestration
and flux base-
line data;
REDD+ policy
integration

(continued)
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Table 6.2 (continued)

Location System Activity Proponents
Project
type

Financial
return Other outputs

Kenya M R, AE Napier Univer-
sity; Kenya
Marine Fisher-
ies Institute;
Earthwatch
Institute

BC Expected
to generate
2.5 kt
CO2e/year
or $12,000
for 20 years

Registered
small-scale
Plan Vivo
(voluntary
scheme) resto-
ration project
(see technical
details at Plan
Vivo Founda-
tion website

Senegal M R Livelihoods
Fund;
L’Oceanium de
Dakar

BC Expected
to generate
2.7 kt
CO2e/year
for 30 years

Registered
CDM small-
scale reforesta-
tion project
(see cdm.
unfccc.int pro-
ject ref#5265)

Mozambique M AE WWF; US For-
est Service;
USAID; Uni-
versity of
Eduardo
Mondlane;
Kenya Marine
and Fisheries
Research
Institute

BC None Biophysical
data including
carbon
dynamics

Ghana M R Coastal
Resources
Center

BC None C sequestration
and flux base-
line data;
REDD+ policy
integration

India M R Livelihoods
Fund

BC Expected
to generate
8 kt CO2e/
year for
20 years

CDM small-
scale afforesta-
tion/reforesta-
tion project
(see cdm.
unfccc.int) in
the Sundarbans

China S, M,
SM

DC Tsinghua Uni-
versity; Xiamen
University;
State Oceanic
Administration

BC None C sequestration
and flux base-
line data

Indonesia M R Ministry of For-
estry of Batam
City;
Y.L. Invest Co;
Team Perma-
nent Mangrove

BC Expected
to generate
3.8 kt
CO2e/year
for 30 years

CDM small-
scale afforesta-
tion/reforesta-
tion project
(see cdm.
unfccc.int)

(continued)
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soil properties, invasive species, disturbance regimes, seed banks and declining
biodiversity among a host of factors can constrain the restoration process (Zedler
2000).

There is a problem in that most restoration and rehabilitation projects have
suffered from poor management protocols such as not having proper success or
failure criteria and have suffered from poor or uncertain methodology. There are few
if any clear guidelines for restoration of seagrasses (van Katwijk et al. 2009),
mangroves (Field 1998; Ellison 2000; Wylie et al. 2016) and salt marshes (Williams
and Faber 2001). The experiences of salt marsh restoration in San Francisco Bay
(Williams and Faber 2001) indicate several important issues learned that are also
applicable for mangrove and seagrass restoration:

Table 6.2 (continued)

Location System Activity Proponents
Project
type

Financial
return Other outputs

Indonesia M R Livelihoods
Fund; Yagasu
Aceh

BC Expected
to generate
105 kt
CO2e/year
for 20 years

VCS reforesta-
tion project

Indonesia S, M R, AE Agency for
Research &
Development of
Marine & Fish-
eries; Ministry
of Marine
Affairs; Fisher-
ies Indonesia

BC None C sequestration
and flux base-
line data;
REDD+ policy
integration

Indonesia M R, AE Charles Darwin
University;
Japesda;
Yayasan Hutan
Biru

BC None Ecological res-
toration; com-
munity
development

Indonesia M R Wetlands
International

BC None to
date

Community-
based
microcredit
programme to
improve
shrimp farming
through man-
grove restora-
tion with
carbon credits
produced

Updated from Thomas (2014)
Abbreviations: SM salt marsh, S seagrass, M mangrove, RST restoration, DC data collection, AE
avoided emissions, R research, PES payment for ecosystem services, BC blue carbon
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• ‘Habitats can be restored if the correct sites have been chosen;
• Methodology of restoration is still experimental as it is not known what percent-

age of the original ecosystem function returns nor how long it takes;
• Successful restoration is greatly dependent on restoration of hydrodynamic

processes;
• Restoration projects must have clear statements of measurable, achievable bio-

logical objectives including success and failure attributes;
• Restored habitats are best viewed as immature ecosystems that will mature with

time;
• Natural evolution of ecological processes of a restored habitat may take a long

period of time;
• Monitoring of restoration is mandatory in order to determine the success or failure

of the project including the amount of carbon sequestered;
• Planning and management of physical processes should preferably be on the

conservative side to allow for habitat development’.

For mangrove ecosystems, Lewis (2005) reviewed the existing information as
well as his own practical work and concluded that assessing the existing hydrology
of natural habitats and then applying this information to a habitat to be restored is of
prime importance. His restoration principles:

1. ‘Get the hydrology right first;
2. Find out why a given site has lost its mangroves or why the given site has never

had mangroves;
3. Once you find out why, see if you can correct the conditions that currently

prevents natural colonization of the selected mangrove restoration site. If you
cannot correct these conditions, pick another site;

4. Use a reference mangrove site for examining normal hydrology for mangroves in
your particular area. . .. . . establish the same range of elevations as your reference
site at the site to be restored or restore the same hydrology to an impounded
mangrove by breaching the dikes in the right places. The “right places” are
usually the mouths of historic tidal creeks. These are often visible in. . . ..
photographs;

5. Remember that mangrove do not have flat floors. There are subtle topographic
changes that control tidal flooding depth, duration and frequency. Understand the
normal topography of your reference forest before attempting to restore another
area;

6. Construction of tidal creeks within restored mangrove forests facilitates flooding
and drainage, and allows for entrée and exit of fish (and other biota and nutrients)
with the tide: and

7. Evaluate costs of restoration early in project design to make your project as cost
effective as possible’.

These principals are also valid for salt marshes and, with some adaptation, for
seagrass beds. The first European Seagrass Restoration Workshop concluded simi-
larly that priority should be given to natural restoration, with emphasis on the fact
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that ‘restoration should never be considered the first alterative when planning for the
mitigation of coastal development projects or to justify mitigation as a compensation
measure for economic activities’ (Cunha et al. 2012). The results show that none of
the seagrass restoration projects developed in Europe by the participants during the
past 10 years was successful. The group endorsed several recommendations prior to
the start of a restoration project:

1. ‘Establish clear goals and objectives prior to initiation of restoration;
2. Define monitoring methods and success criteria. . .. . . and make accommoda-

tions for long-term monitoring (i.e. 5–10 years) a part of the initial project;
3. Include donor population monitoring in the project;
4. Make every effort to ensure that local threats (e.g., bioturbation, herbivory,

hydrology, sediment movements, human impact, etc.) to seagrasses are well
known. . .. . . ..start only when all threats causing loss have been eliminated;

5. Initiate with small-scale or pilot restoration trials. . .. . .. . . ..;
6. Devices to anchor plants or protect them against storms, sediment dynamics or

herbivory should be avoided. . . ..;
7. Covering the transplant rhizomes with a local stone or sand bag to improve the

technique seems to be a positive exception. . .. . .. . .. . .. . .provided that sites are
carefully selected. . .. . .;

8. The application of a shell layer is another positive exception as it works to
stabilize sediments. . .. . .;

9. Traditional local knowledge can give a big help. . .. . .. . .. . .. . .spread the trials
throughout different sites and use different methods. Learn and be willing to
change plans based on the experienced results (adaptive management);

10. Strive to learn from the experience of others and use the information to improve
methods at different sites. It seems that it may take more than 5–10 years to start
becoming successful;

11. Almost all scientists expressed frustration about natural beds being disturbed
and/or natural recovery being prevented (trawling, shellfish/bait collection,
tourist activities, etc.). This is partly due to the absence of law enforcement
and partly due to limited regulation or protection status or modification of
protection status if economics prevail. Make sure you have identified all these
constraints and their magnitude and frequency before starting a restoration
effort’.

Success criteria for seagrass restoration in many areas focuses on persistence, area
restored and shoot density (Fonseca et al. 2000). Van Katwijk et al. (2009) con-
cluded that the success of a seagrass restoration project is dependent on habitat
selection and selection of the donor population, spreading of risks and ecosystem
engineering efforts. This is also true for salt marshes and mangroves. For example,
Arachchilage et al. (2017) found in assessing restoration efforts of mangroves in Sri
Lanka that restoration success is highly variable, with success rates varying from 0 to
78%; 9 of 23 project sites showed no surviving plants.

How do we assess the success of a restoration project in terms of blue carbon?
Carbon storage as a result of the project can be calculated by measuring the addition
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of blue carbon in the restored site by measuring the Corg content in soils multiplied
by some measure of recent sedimentation, for example, by R-SET. Marbá et al. (2015)
reconstructed the trajectories of carbon stocks associated with one of the longest moni-
tored seagrass restoration projects. They demonstrated that sediment carbon stocks erode
following seagrass loss and that revegetated projects restore seagrass carbon sequestration
capacity by combining carbon chronosequences with 210Pb dating of seagrass sediments
in a meadow that experienced losses until the end of the 1980s and subsequent serial
revegetation efforts. Inventories of excess 210Pb showed that its accumulation and thus
sediments coincided with the presence of seagrass vegetation. Seagrass regeneration
enhanced carbon deposition and burial with carbon burial rates increasing with the age
of restored sites; 18 years after planting, they were similar to that in continuously
vegetated beds. Greiner et al. (2013) similarly found that seagrass restoration enhances
carbon sequestration. In their study of meadows of different age in Virginia, measure-
ments were made of percent carbon and 210Pb from dating at 1 cm intervals to a depth of
10 cm. They found that carbon accumulation rates were higher in 10-year-old meadows
compared with 4-year-old beds and bare sediment.

Can coastal ecosystems be managed to sequester more carbon? Macreadie et al.
(2017a; b) discussed three potential management strategies that hold some promise
for optimising carbon sequestration:

1. ‘Reducing anthropogenic nutrient inputs;
2. Reinstating top-down control of bioturbator populations; and
3. Restoring hydrology’

The first management strategy is true in that most evidence shows that there is a decrease
in carbon storage with nutrient addition. For example, there are usually net losses of
carbon either through plant mortality and gaseous efflux or through erosion and loss of
sediment. A risk assessment by Lovelock et al. (2017) has shown that there is increased
risk of high CO2 emissions in blue carbon ecosystems with increasing stocks of soil
organic carbon. The second strategy is based on evidence that shows that high densities of
bioturbators can have negative impacts on soil carbon stocks and fluxes; low to moderate
levels of bioturbation help stimulate plant growth, but high levels result in high losses of
CO2. The third strategy involves the reestablishment of tidal exchange which will
modulate CO2 fluxes back to natural rates of emission. Data from ponded systems has
shown that conversion of coastal ecosystems through tidal flow restriction can disrupt
carbon sequestration by coastal ecosystems and may switch these ecosystems from being
net sinks to net sources of carbon (Lovelock et al. 2017).

6.3 Financing

Financing remains a key concern for blue carbon projects to eventuate and proceed
successfully. Table 6.3 summarises the range of different funding approaches to blue
carbon projects in developing and developed nations with the type of finance and
whether or not the carbon benefit flows or remains.
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Table 6.3 Features of different funding approaches to blue carbon activities

Activity
Can occur in a developing (D) or
developed (DV) country Finance

Carbon
benefit

NAMAs/NAPAsa D DO, I R

Climate-related ODAb D I R

Bi- and multi-lateral activitiesc D, DV DO, I R

REDD+ D I F

National NRM actionsd D, DV DO R

Voluntary offsets (e.g. VCS)e D, DV P R, F

Compliance offsets (e.g. CDM)f D P F

Domestic compliance offsets
(e.g. CFI, CCERs)g

D, DV P R

CSR projectsh D, DV P R

Others (insurance microfinance,
green bonds)i

D, DV DO, I,
P

R

Modified from Thomas (2014)
Abbreviations: DO domestic public finance, I International public finance, P private, R remains,
F flows
aNationally Appropriate Mitigation Actions (NAMAs) are agreed actions taken by developing
countries as part of their commitments under the terms of the UNFCCC. National Adaptation
Programmes of Action (NAPAs) are limited to least developed countries
bOfficial development assistance (see www.oecd.org/dac/)
cBi- and multilateral activities refer to agreements made between nations or regional groups of
nations or activities implemented through partnerships with public funding institutions such as the
World Bank or Asian Development Bank
dNatural resource management (NRM) at the national level can occur in a variety of ways
depending on local regulatory and social conditions
eVoluntary market carbon offsets can be sourced through a variety of providers including Verified
Carbon Standard, the American Carbon Registry and others. China has created its own domestic
carbon offset
fRegulated domestic emissions trading schemes require international carbon offsets to be sourced
from benchmark mechanisms, principally the Clean Development Mechanism (CDM) and joint
implementation (JI) schemes established by the Kyoto Protocol to the UNFCCC
gNational carbon reduction compliance schemes continue to be established, and these legislative
initiatives usually create their own unique domestic carbon offset units, generally oriented towards
eventual integration with international market mechanisms
hCorporate social responsibility (CSR) is an important area for potential blue carbon funding that
may not be considered in most discussions of climate finance opportunities, because many large
organisations may choose to invest in voluntary projects without a carbon focus. Depending on the
scale of the activity, this might be a useful consideration for project developers
iClimate bonds are a new class of financial asset that can be issued by governments or private
institutions and operate in the same manner as standard debt instruments. Climate bonds may be a
model for new classes of asset including insurance projects. Essentially, funding can come from
three types of sources: (1) national government, (2) development of pilot programmes and (3) pay-
ment from verified emissions reductions, that is, carbon offset schemes, as under the UNFCCC
nations agree to individual emission reduction commitments which can be achieved through three
flexible mechanisms: (1) international emissions trading, (2) joint implementation and (3) Clean
Development Mechanism
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Herr et al. (2015) have recently reviewed finance mechanisms for blue carbon
projects. They point to an increasing interest by governments, NGOs, local commu-
nities and academia to support coastal wetland restoration and conservation, but
observe that finding appropriate funding to set up such a blue carbon project or to
develop a national scheme for blue carbon remains ‘a challenge’.

6.3.1 UNFCCC-Related and Other Finance Mechanisms

As noted earlier, the UNFCCC sets the framework for internationally agreed GHG
reduction measures and provides technical details and funds to support a variety of
climate mitigation activities including carbon mechanisms. Specific financial mech-
anisms under the UNFCCC umbrella include the GEF Trust Fund, the Special
Climate Change Fund (SCCF), the Least Developed Countries Fund (LDCF), the
Green Climate Fund (GCF) and the Adaptation Fund. Other multilateral and
national climate funds include the BioCarbon Fund and other funds from the African
and Asian Development Banks.

The list of possible sources is confusing and has been described as a ‘jungle’
(Herr et al. 2015). Herr et al. (2015) show how to start looking for funds within the
multiple funding agencies. First, one needs to determine the type of activity, that is,
whether it is starting up a national programme, subnational programme or an
individual blue carbon project. Second, one needs to match up with a possible
funding source, for example, in this case the Green Climate Fund or REDD+;
national funds are also available such as IKI, NEFCO and GCPF. Third, develop-
ment banks do provide funds for mid- (<$2 million US) to full-size (>$2 million US)
projects although projects in this size range usually require government support.
Fourth, one needs to decide on whether or not incremental or additional funds are
necessary. For example, if biodiversity is a supplemental issue there are RAMSAR
Small Grants or other sources such as biodiversity funds from development banks.
Small projects under $500,000 US can fit well with foundations, charities or the
private sector. Mid- and full-size projects are best funded by UNFCCC-related
sectors such as the Global Environment Fund (GEF).

Some financing is best suited to specific habitat. For example, although the
REDD+ financing mechanism is still being arranged, mangroves are well suited
for REDD+ financing, being forests with similar ecological traits to terrestrial forests
(Yee 2010; Ahmed and Glaser 2016; Mashayekhi et al. 2016). The main funding
streams are those of the Forest Carbon Partnership Facility (FCPF) of the World
Bank and UN-REDD. The former is a global partnership of governments, business,
society and indigenous peoples and is broken up into two separate but complimen-
tary funding mechanisms: The Readiness Fund and the Carbon Fund. Currently,
there are 47 participating countries in these programmes (Herr et al. 2015). The
UN-REDD programme is a collaboration among the UNDP, FAO and UNEP and
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supports national initiatives in 64 partner countries (Herr et al. 2015). Herr et al.
(2015) list relevant online sites for available climate adaptation and mitigation
funding.

6.3.2 The Voluntary Carbon Market

Blue carbon projects can also be funded via the voluntary carbon market. A good
example of this type of project is in Madagascar (Table 6.2) and has been run by
Blue Ventures since 2011. The project has two demonstration sites, one a large-scale
(26,000 ha) mangrove project and the second a smaller project (1015 ha). Both are
being used to test the feasibility of using blue carbon as a long-term financial
mechanism for community-based mangrove management.

One of the pitfalls of the voluntary carbon market is that the price of carbon
fluctuates over time, and this may affect the viability of a blue carbon project. For
instance, Jerath et al. (2012) noted that the social cost of carbon (SCC) ranges from
$9 US to $50 US per tonne of carbon while marginal abatement costs (MACs) vary
from $70 US to $616 US per tonne of carbon. Both SCC and MACs are useful for
setting a price for carbon in the absence of efficient carbon markets. Carbon prices
also vary across countries and markets, and people’s willingness to pay is expected
to correspondingly increase with their view that carbon storage will provide signif-
icant profit.

The voluntary carbon market deals with the selling and buying of emission
reduction credits (offsets) in non-government-regulated markets. The demand for
verified carbon credits is market-driven, that is, by customer demand. There are
many types of buyers in the market, from individuals who want to offset their carbon
footprint from air travel to companies who themselves emit GHGs. Companies do
this to enable themselves to be labelled clean and green. As discussed earlier, coastal
carbon offset projects may be economically feasible at low to moderate carbon prices
of $2 to $11 US per tonne CO2-e. The majority of potential emissions from
mangroves could be avoided at less than $10 US per tonne CO2-e (Siikamäki et al.
2012).

Efforts are currently underway to develop methodologies for verifying coastal
carbon credits. The Verified Carbon Standard (VCS) and American Climate Regis-
try (ACR) are used globally to verify and issue carbon credits from field projects
such as the one in Madagascar to be traded on the voluntary carbon market. Other
standards include The Climate, Community and Biodiversity Standard (CCB), the
CarbonFix Standard and the Plan Vivo Systems and Standard. Obviously, a blue
carbon project that is going into the voluntary carbon market needs to find an
appropriate standard as well as methodologies to measure, report and verify changes
in carbon storage although no verified standard organisations have yet produced
such accepted procedures.

Biodiversity can also be a focus of funding opportunities, as noted above. The
Ramsar Convention maintains three direct assistance programmes: the Small Grants
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Fund, the Wetland for the Future capacity-building programme and the Swiss Grant
for Africa. These funds may be tapped into for a blue carbon project, but an analysis
of cost-effectiveness still needs to be done for projects. Adame et al. (2015a; b)
suggested using Marxan, a spatial prioritisation tool to balance the provision of
ecosystem services versus the cost of restoration. Their approach efficiently selected
restoration sites that at low cost were compatible with biodiversity targets; the
restoration of biodiversity was largely guaranteed by choosing areas for restoration
based on the potential for carbon storage.

Debt-for-nature swaps can also be an innovative, non-market way of financing. A
debt-for-nature swap involves a lending country selling the debt owed by a recipient
country (the debtor) to a third party at less than the full value of the original loan. In
exchange the indebted country agrees to a payment schedule on the amount of the
debt remaining. The third party then uses the debt repayments to support domestic
conservation initiatives. An example of this type of funding mechanism is in the
Seychelles where there has been a debt swap for conservation and adaptation (Herr
et al. 2015). In this project, the Seychelles Debt Swap for Conservation and
Adaptation between the Seychelles government and the Club of Paris developed
through the platform of the Global Island Partnership with the technical support of
The Nature Conservancy (TNC) develops a long-term funding stream for conserva-
tion activities.

Another pathway, as noted earlier, is via payment for ecosystem services. An
example of this type of arrangement is in Ecuador where mangroves are held under
preservation and protection agreements; by late 2018, it hopes to have 100,000 ha of
mangrove forest under protection via a mix of fixed and variable payments. The
fixed yearly payment amounts to $7000 US for areas between 100 and 500 ha,
$10,000 US for areas between 501 and 1000 ha and $15,000 US for areas above
1000 ha. Variable payments depend on the size of the area as well amounting to a
benefit of $3 US ha�1 year�1. The PES schemes nonetheless offer the greatest
scientific and policy challenges as accurate valuations will offer incentives for
funding and private investment as well as improve management and governance
of these resources.

There are problems with valuations that remain difficult to solve except on a case-
by-case basis. First, there are a large number of services that are interlinked thus
making it difficult to value one particular service. Second, as Bardesgaard (2016a; b)
has noted, the commoditisation of nature might encourage perverse outcomes and
represents a shift from conservation motives to economic self-interest, that is, the
expectation of financial returns from investment. Third, valuation will depend on the
rate of habitat loss; if current trends continue, less carbon will be sequestered,
leading to a decline in value (Beaumont et al. 2014). An alternative is to consider
the quality of environmental assets rather than ecosystem services. Quality assess-
ments can then be quantitatively assessed (e.g. species richness, habitat quality,
cultural values).

80 6 The Blue Economy: Mitigation and Adaptation



6.3.3 Investment Risk

Investment is all about risk. Risks need to be minimised in order to maximise the
probability of a return on the investment. There is also a need to demonstrate the
likelihood of attractive returns (Warner et al. 2016). This idea is constrained by
(1) biophysical issues such as amount of carbon sequestered, measurement uncer-
tainty and logistical challenges; (2) technical capacity and intrastructure; (3) concerns
over governance (corruption, land tenure); (4) existence of regulatory frameworks;
(5) permanence of the ecological asset; (6) security of property tenure; (7) the
temporal scale of measurements (i.e. ecosystems need time to mature for increased
carbon storage); and (8) the fact that there may need to be different policy instru-
ments designed for the specific type of finance (e.g. publicly funded versus private
investment).

6.3.4 Policy and Commodification

The science policy and management community have a few naysayers regarding
blue carbon, and these problems must be addressed fully before blue carbon can
mature as a viable business proposition. Broadhead (2011) cited the difficulty in
marketing many ecosystem services that mangroves can provide as well as the lack
of clarity over ownership of natural ecosystems. In almost all cases, the value of
goods and services produced by mangroves has not been fully realised. In addition,
the difficulty of realising the non-market benefits of mangroves is compounded by
the fact that the benefits accrue to many people most of whom are poor. Broadhead
(2011) further maintains that conversion of mangroves is generally associated with a
change in ownership towards an individual or ‘an established entity’ while benefits
are not commonly accessed across the local community. A range of numerous other
problems need to be sorted, such as technical considerations associated with mon-
itoring and quantifying carbon flow with precision. Also, setting baselines have
meant that costs associated with these issues may exceed benefits.

Concerns raised by Barbesgaard (2016a, b) focus on the concept of ‘ocean
grabbing’ in which private industry takes through ownership what is essentially
common property. It is pointed out that social movements have called blue carbon
projects a ‘false solution’ because of what may be the false belief that market logic
provides the best tool to organise society and conserve nature. Commodification of
nature involves large shifts in and struggles over social relations such as ownership
of natural resources, socio-economic inequality and power. Under the blue carbon
umbrella nature is reduced to a commodity to buy and sell violating the ideals of
social justice. Barbegaard (2016a, b) points out that ‘blue carbon projects act as a
smoke-screen diverting attention away from the systematic changes needed to stop
the climate crisis [. . . ..] polluting actors, be they states or transnational corporations
[. . . ..] can continue to pollute and destroy one place as long as a coastal ecosystem
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that stores and absorbs carbon somewhere else is ‘protected’. This idea is not a new
argument as it originates from the old idea of corporations’ land grabbing. The 21st
Conference of the Parties to the UNFCCC closed with the initiation on the Paris
Agreement on 12 December 2015 with a high level of collaboration from nations and
corporations. However, radical transnational agrarian and social justice movements
argue that the agreement will facilitate continued market-based resource grabs for
land, forests and oceans through carbon trading schemes and related mechanisms
(Tramel 2016). While there may be an element of truth in that perverse outcomes can
eventuate, a proper policy framework that included safeguards can overcome these
concerns.
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Chapter 7
Summary and Conclusions

Since the development of the concept of ‘blue carbon’ in 2009 to complete the global
carbon accounting assessment begun by the IPCC, there has been rapid growth in the
number of papers published dealing with the science and management of blue
carbon. The focus of blue carbon is the coastal zone, namely, salt marshes, mangrove
forests, seagrass meadows and possibly kelp forests. The science and management of
these coastal ecosystems are being considered against a background of moderate to
rapid deterioration and destruction of these highly valued and heavily used
ecosystems.

Salt marshes are currently being destroyed at a rate of about 1–2% of area per
year, and the current area is currently estimated at 41,657 km2. Salt marshes are
responsible for a variety of ecosystem services, such as commercial and recreational
fishing and protection and mitigation against storm damage.

Sediment accretion in salt marshes has been commonly measured; the range of
rates is 2–10 mm year�1 with a median of 5 mm year�1. The single greatest driver of
sediment, and thus carbon, accretion is the frequency of tidal inundation; the more
frequently that tidal water containing silt and clay and associated carbon particles
overlies the marsh surface, the greater the time available for such material to settle.
Thus, accretion rates tend to decline with increasing tidal height and decreasing tidal
inundation frequency.

Measurement of sediment accretion and carbon sequestration is not without its
pitfalls as every method has its positive and negative aspects.

Salt marshes sequester carbon at a median rate of 184 g Corg m
�2 year�1, being a

function not of latitude but of a number of interrelated factors such as marsh age,
tidal inundation frequency and the magnitude of inputs from land and sea. Globally,
the carbon sequestration rate for salt marshes is about 10 Tg Corg year

�1.
A median value of 282.2 Mg Corg ha

�1 was calculated for carbon storage in salt
marshes with a global figure of 1.2 Pg Corg, nearly all stored in soil. Carbon storage is
greatest in mature marshes which underscores the fact that sufficient time is required for
sediment and associated carbon to accumulate. Since the 1800s, approximately 25% of
salt marshes have been destroyed, accounting for 1.1 Pg CO2 equivalents (e) returned
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to the atmosphere and/or the coastal ocean. Currently, assuming a global loss rate of
1–2% per year, carbon emissions from salt marsh losses are about 20–240 Tg CO2

equivalents year�1.
Like salt marshes, mangrove forests both actively and passively capture sediment

and associated carbon particles from the overlying tidal water. Unlike salt marshes,
mangroves can store significant quantities of carbon in above- and below-ground
biomass. However, 75–95% of mangrove carbon is stored below-ground in dead
roots. In the long term as in salt marshes, mangrove carbon is stored as peat. Peat
formation is a function not only of rates and magnitudes of inputs but is also due to
slow decomposition rates of mostly refractory matter, the tidal regime, micro- and
macro-organism activities, tree species and litter composition, moisture and temper-
ature. As a result of a combination of these factors, peat formation and accumulation
occur in some salt marshes and mangrove forests but not in others.

Soil accretion rates in mangroves are similar to those measured in salt marshes,
although most measurements are within a narrower range of 0–2 mm year�1 with a
lower median figure of 3 mm year�1. Carbon sequestration rates have a median value
of 103 g Corg m

�2 year�1 which equates to a global rate of 14.2 Tg Corg year
�1. As in

salt marshes, the most mature mangroves sequester more carbon than younger,
immature forests as there is no trend with latitude. Carbon sequestration is driven
by factors other than forest age, such as tidal inundation frequency and inputs from
land and sea.

Carbon stocks are greater in mangrove forests than in salt marshes or seagrass
beds (Table 7.1), with a median value of 723.4 Mg Corg ha

�1 for a global carbon
stock of 10 Pg Corg. Ninety-two percent of this carbon is stored below-ground, but as
for salt marshes and seagrass beds, this value is a likely underestimate as there is very
probably much more carbon in soils deeper than 1 m. Potential carbon emission
losses range annually from 0.27 to 0.59 Pg CO2e year�1 globally, which adds
5–11% to the global deforestation rate.

Table 7.1 Estimates of carbon sequestered and stored in coastal ecosystems and their carbon
emission and economic loss. e ¼ equivalents

Ecosystem

Median
carbon
sequestration
rate
(g Corg m

�2

d�1)

Median global
carbon
sequestration
rate (Tg Corg

year�1)

Median
carbon
stock
(Mg Corg

ha�1)

Median
global
carbon
stock
(Pg Corg)

Carbon
emissions
(Pg CO2e
year�1)

Economic
cost
(billion
US
year�1)a

Salt
marshb

184 10.0 282.2 1.2 0.04–0.08 $0.52–
$1.04

Mangrovec 103 14.2 723.4 10.0 0.27–0.59 $3.51–
$7.67

Seagrassd 167 50.2–100.0 69.3 2.2–4.4 0.54–1.08 $7.02–
$14.04

aAssumes a carbon market price of $13 US per Mg CO2 equivalents (as of 1 June 2016)
bAssumes a global area of 41,657 km2 and a global loss rate of 1–2% (see Chap. 2)
cAssumes a global area of 137,760 km2 and a global loss rate of 1–2% (see Chap. 3)
dAssumes a range of global area of 300,000–600,000 km2 and a global loss rate of 7% (see Chap. 4)
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Seagrass meadows, like salt marshes and mangrove forests, are sites of passive
and active accumulation of sediment and associated carbon. The median rate of
carbon sequestration is 167.4 g Corg m

�2 year�1 which is similar to the median value
for salt marshes. There is a wide spread of data concerning soil carbon storage due to
the fact that many studies, particularly early ones, did not core to the deepest possible
sediment layers; most observations indicate carbon storage of <100 Mg Corg ha

�1

with a median of 69.3 Mg Corg ha
�1. Nearly all carbon is stored in soil. Meadows of

the Mediterranean seagrass Posidonia oceanica have by far the greatest carbon
storage capacity with some P. oceanica sites having as much carbon as mature
mangrove forests.

As global area is poorly known, global carbon storage in seagrass beds ranges
from 2.1 to 4.2 Pg Corg and between 75.5 and 151 Tg in biomass. Assuming that the
studies measuring soil carbon to a depth of at least 1 metre contain the complete
inventory, carbon storage is then 5.8 to 9.8 Pg Corg. Due to their high rate of loss (7%
per annum), 0.54 to 1.08 Pg Corg is lost annually to the atmosphere and the coastal
ocean. This means that seagrass loss is equivalent to 9–25% of the annual
deforestation rate.

Not enough data exists to determine whether or not kelp beds are a blue carbon
store, but they have high potential due to their high rates of net primary productivity
and detritus production. As kelps grow on rocky shores, it is unlikely that kelp beds
themselves will be sites for storage but adjacent unconsolidated seabed areas may
be. This idea may prove to be a fruitful avenue of research in the future.

The total amount of carbon sequestered and stored in coastal ecosystems and the
economic cost of continuing losses of these habitats globally can be estimated by
adding up the empirical data of salt marshes, mangrove forests and seagrass
meadows from the earlier chapters.

Table 7.1 shows that salt marshes sequester more carbon, on average, than
mangroves and seagrass beds although the range of values is not statistically
significant. However, on a global basis, most organic carbon is sequestered by
seagrass beds. The problem with estimating the impact of seagrass meadows in
these calculations is our poor knowledge of their areal extent globally. Mangroves
store more carbon than either salt marshes or seagrass meadows. Total coastal stocks
of organic carbon range from 13.4 to 15.6 Pg Corg globally. This range is equivalent
to only 1.6–1.8% of the world’s forest carbon stocks (Pan et al. 2011). However, the
range of carbon sequestration rates (74.4–124.2 Tg Corg year�1) equates to about
3–5% of the global forest sink of 2.4 Pg year�1 (Pan et al. 2011). Depending on the
global area of seagrass meadows, the estimated annual carbon emissions from
habitat losses range from 0.85 to 1.75 Pg CO2 equivalents. These estimates equate
to 18 to 38% of annual CO2 emissions from global deforestation (Hansen et al.
2013). Obviously, there are data gaps, and the level of uncertainty is high (Duarte
2017), but clearly coastal habitats require conservation and management urgently
given the continuingly high rates of loss.

The financial costs of these losses are high, varying from $11.05 to $22.75 billion
US annually, mostly from loss of seagrasses. These values compare favourably with
the earlier estimates of Pendleton et al. (2012). While on an individual project basis,
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carbon trading may or may not be viable, clearly it is viable from a global perspec-
tive to conserve these habitats from further loss. More accurate knowledge of
seagrass area is urgently needed to refine these estimates of carbon sequestration
and storage and economic costs.

Salt marshes, mangrove forests and seagrass beds sequester and store more
carbon on a per area basis than nearly all other ecosystems and clearly are prime
sites to retain carbon as any losses back to the atmosphere or the coastal ocean are
disproportionate to their small area compared with the world’s forests. From an
economic and global perspective, the main value in a blue carbon project lies in
conserving what remains of these habitats. Blue carbon projects and their financing
are still in their infancy, but given their importance, both ecologically and finan-
cially, blue carbon as a concept is likely to mature very quickly in the near future.
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