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Coastal and marine systems in climate mitigation

The international scientific community is increasingly reognizing the role of natural
systems in‘elimatechange mitigation.While forests havehistorically been theprimary
focus of such efforts coastalwetlands— particularly seagrassestidal marshes, and
mangroves —are now consideredmportant and effective long-term carbon sinks However,
some members, of the coastal and marine policy and management communityhaeen
interested.inexpandingclimate mitigation strategiesto include other componentswithin
coastal andsmarine systers, such asoral reefs, phytoplankton, kelp forests, and marine
fauna. We analyzethe scientific evidence regardingvhether these marine ecosystesand
ecosystenctomponentsare viablelong-term carbon sinksand whetherthey can be
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managed forclimate mitigation. Our findings could assistdecision makers and
conservation practitionersin identifying which components ofcoastal andmarine
ecosystemshould be prioritized in current climate mitigation strategies and policies.
Front Ecol Environ2017;

In a nutshell:

e Coastal'wetlands sequesseibstantial amounts of carbon, mostly in soils

e Interestin the climate benefits of coastal wetlandsiheasn attention tédnow other
components ofmarine ecosystems mightgyl a role in climate mitigation

e Coral reefs, kelp, and marine fauna, while important components of carbon cycling in the
ocean, are not involvad longterm carborsequestration

e Due to jurisdictional issues, practical management of coral, phytoplankton, kelp, and
marine-faunavithin climate mitigation framewarks would be difficult

e Current-climate mitigation efforte the coastal and marimealmshouldfocus primarily
on coastal wetinds as they represeling-term carbon sinks and potential carbon

sourcesipon conversion, and can be managed for their carbon sequestration value

Within the contexbf climatechangemitigation,enhancinghe capacityand roleof natural

carbon sinks &s become an increasingly important scientific and political {oyit:for
definitionsof.selected termgsed throughouhe main texsee WebTable 1Research on natural
carbon sinks has focusedmarily on oceans (Sabiret al 2004) anderrestrialforests
(Houghtonet'al. 1990, and most recentlyyn coastal systems (Mclead al. 2011).The ocean
represerdthe largest active carbon sink on Earth, absor®rg5%of anthropogenic C®
emissiongKhatiwalaet al. 2009. However, nanagement strategg to enhanceceaniccarbon
sequestrationsand storage=currently impracticaland there is strong concern about the
ecologicakimpactsf such interventionsRussellet al. 2012; Committee on Geoengineering
Climate 2015). Thereforecntists and desion makersiow focus orterrestrial and coastal
ecosystemswhieh show high potential for climate mitigation and lend themselves to local and
national management strategies. For examipéeUnited Nations Framework Convention on
Climate Change (UNFCCQgcognizeshat terrestriaforess sequestelarge amounts of carbon
in their biomassand under the Conventidioyests are the basis of climate mitigation strategies
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such afReducing Emissions from Deforestation and Forest Degrad®BDD+). Similarly,
coastal wetland@mangrovestidal marshes, and seagrass&a®) increasinglacknowledgeds
importantcarbon sinks, based on their abilitysequestelarge amounts of carbon in the
biomass andnore importantlyin theirsoil (Hiraishiet al. 2014). The carbosequestereth
coastal and,marine vegetated ecosystems is known as “csestaldblue carboth Ona per
area basioastal wetlands are more effici@airbon sinks thamostterrestrial forests (Mcleod
et al.2011;Panet al.2011). Anthropogenic conversiamd degradation of coastal wetlands can
lead tomajoremissionsbecausenuch of the carbon stored in the soilsakeasd back into the
atmosphere and oceéiPendletoret al. 2012; Kauffmaret al 2014),shifting the wetland$rom
net snks tosseurces of carbofhe conservation, restoration, and sustainable use of these
ecosystems at@ereforeessential to ensuring that the carlsequestration benefits are
maintained, along with the mamagditionalecosystem services they provide {sheries, coastal
protection).

With. the increasing recognition of the importance of coastal wetfand$imate
mitigation deeision makers have expressed greater interds @imate mitigatiorpotential of
othercoastal and marine ecosystems andystemmcomponents, particularly kelp, coral,
phytoplankton, and marine faun&¢bFigure 1; Chungt al.2013;Lutz and Martin 2014).
While all efthesecomponentgrovide valuable services and hangortant conservation value,
not all of themare suitabldor consideration iclimatechange policy frameworks. In this paper,
we synthesize the state of the science and contipateng-term carbosequestratioability of
various coastaland marine systamslarify which components should be prioritizedlimate

mitigation efforts

Integrating natural carbon sinks into climate mitigation policy

All natural.ecosystems cycle carboraasmportant part adheenergy transfeneeded to support
life. From a climate perspective, muchtioé carborthatnaturally cycles througlan ecosystem
is part of ther*baselineondition, including fluxes intceg carbon uptake via photosynthesis)
and out of €gearbon release vigspiration)a systemHowever the carbon pooland processes
within each systerthatareperinent to climate mitigation policies and national greenhaase
(GHG) inventories are those tha) affectthe levels ofGHGs in the atmospherenough to
influence climateand(2) areresponsive ttluman activities that cagitherincreasgeghabitat
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degradatiohor decreaséeghabitat restoratioand conservatior(HG emissionsThe
following information is needed w@scertain whethean ecosystem or ecosystem component
meets these requirements and to determine their potential emissions and remonisrfal
GHG inventories:

(1) carbon,sequestration rate

(2) current earboistocks, including the stability and permanence of those s(mchew will

those stocks baffectedif the system is degraded or destroyed?)

(3) geagraphiarea

(4) anthropogenic drivers ofystem losseading to carbon emissions or removals; and

(5) emission ratefom both degradedndintactstates.
With this information, it is possible for climate mitigation p@to support interventions
needed to reduce, protect, or enhance the poteht@alatural systems sequestesind store
carbon. Such interventions can potentially be included in existing climate-relaitgd pol
frameworks or funding mechanisms @gDD+). Alternatively, there may be a need for new
policies andyregulation® be deeloped typically, this ismuchmore difficult and time
consumingthan applying existing policy. In either case, additional information wilgbeed
to inform'the development or expansion of policy to include the carbon mitigation benefits found
in maine.ecosystemd-or example, understanding community tenure rights, rights of use, and
governance for an ecosyst@mecosystem componentfis well as identifyingvhich individuals,
institutions, or governmentgeresponsible for managemeand who stands to gain from
resulting climate benefitsare allcritical for proper implementation of climatelated policies
Likewise, itisimportant to know who would be sanctioned for actions that result in carbon being
released (egeforestation of mangroves)cawhether the ecosystem can be managed to secure

existing carbon stocks.

Carbon sink.capacity and implications for climate mitigation potential

Coastal wetlands (mangroves, tidal marshes, and seagrasses)

Mangroves are tropical forestound in coastalraas that areegularly flooded by tidal water and

have a globatoverage 01.3.8-15.2 millionha (Spaldinget al 2010;Giri et al.2011).Tidal

marshes are coastal wetland ecosystems dominated by grass and shrub speciesghktrbre
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tidally flooded Inventories of tidal marsh area have been difficult to obtain; models paedict
global coveragef up to 40 millionha, although only 2.2 million ha have been verifidt(eod
et al.2011;Duarteet al. 2013) Seagrasseme submerged aquatic flowering plathtatare found
in meadows along the shore of every continent except Antarctica (Green and SBprirhe
geographic.extent afeagrass is netell resolved, but global estimates range frbi7 to 60
million ha (Charpy-Roubaud and Sournia 198@arte et al. 2005a, 2010; Mcleoelt al. 2011).
While new'methods and technologergallowing better maping of the extent of coastal
wetlands, 'each'year extensive areiihese ecosystems are lost, sometimes beforectmrepe
accounted for.

Mangrovestidal marshesand seagrasses sequesiad storéargeamounts otarbon
through natuaral capture during photosynthesis or by trapping sediments and natural debris in
theircomplex root systems. Within theseosystemsCO, from the atmosphelis taken up va
photosynthesis, most of which is returradchost immediatelyo the atmosphere through plant
and microbgespirationor stored temporarily in plafbliage Theremainder is sequestertx a
longer period-of time in woody biomass asull (Figure B). Between 50% anfl0% of all
coastal wetland carbon, depending on vegetation type, is found in the soil (Peati&ton
2012). In"addition, tidal inundation keeps the soils wet or submerged, thenditing
microbial.actionandslowing decomposition sudhat carbon accumulates in salsd remains
relatively stable Coastal wetlands also accumulatebon transportelly river systemsnd tides,
in the form.ofvegetatiorand sediment from adjacent ecosystéennedyet al. 2010; Mcleod
et al 201L):

Carlonsin the plant biomass soredfor years to decadddcleodet al.2011),whereas
carbon inthe soil can remasequesteretbr millennia(Duarteet al. 20058. Healthy coastal
ecosystems continuously accretgbon in the soil which allows them to kgegre with sea
level rise thismeanghat theyhave a potentially limitless capacity to sequeséebon for long
periods of timeGlobal estimates of carbon stocks in these systange from 10.4-25.1 billion
megarams.of carbon (Mg C;able ), but ths islikely an underestimatalthough organicich
soil profiles'may extend several meters deepst studies account for carbon only in thertopt
meter of soil.The vast stocks aftablecarbon,as well as the high rates of sequestration

demonstrate whgoastal wetlands akeell suited for climate mitigation policy efforts.
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Coastal wetlands arelevant tcclimate mitigation irmnother respechhuman activities
canconvertthese largmatural carbon sinks intmajor carbonsourcegof GHG emissions For
examplewhenmangroveorestsare drained for developmemicrobial actionn the soil,
previously inhibited by tidal inundation, oxidizes the carbon and endgshe atmospheras
CO, (Figure.b). Coastal wetlandbssand drainagés estimated tbe between 0.798 per year
(depending.onwvegetation type and locatioegulting in 023-2.25 billion Mg ofCO, released
(Table X7 Hiraishiet al 2014).For mangroves antidal marshesthis loss is largely due to
human conversion and degradatietatedto coastal development, agriculture, and aquaculture.
Loss of seagrass habitat is caused by sefartirs, but is mainly due to reduced water quality
as a result;o$ediment and nutrient runoff from anthropogenic sources, and from directsmpac
such agiredging and trawling (Pendletenal 2012).Managing coastal wetlands is not always
straightforwardin part because it typically subject tassues involvindgand tenure and
jurisdictioral boundaries; howevahese ecosystems have securpdominent positionin terms
of climate ‘mitigation strategiegiven their inherentapacity to sequesttarge volumes of
carbon, giverthe largeamountsof carbon already stordtierein, and given tharoperinitiatives

canhelp toensure that their stored cartis retainedather than released to the atmosphere

Coral reefs

Coralreek support numerous taxa ameformed bycalcium carbonate (CaG{pdeposis
secretedver time mainly by hardcoralsand calcareous algagt presentshallowcoral reefs
coveranestimated8.4 million ha globally (Spaldingt al. 2001).Reefsnot only provide coastal
protectionfremsstorms and erosion, spawning and nursery grounds for economically important
fish speciesand jobs and income to local economies, but also represispiots of marine
biodiversity.

Whether, coral reef ecosystems are sources or sinks of atmospherite#hds on the
balance betweetwo sets of processgshotosynthesis/respiration and calcificataissolution
(Figure &).Symbiotic algae that live within corpblypstake upcarbon through photosynthesis,
but an mostreefs il carbon is equal to or only slightly greater than the carbl@asedhrough
coral algal and microbiaflespiration resulting in low to no net carbon removal from the
surraunding water column and atmosphg@&attusoet al. 1998).Coral reef calcificatiomccurs
whenCaCQG; precipitates out of the water column onto the reef struc@agscet al. 1999)
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and for every mole of CaC{produced, about 0.6 moles of € releasedo the atmosphere
(Wareet al. 1992).As a counterbalanc¢eoral reefs undergo dissolution when the surrounding
water becomes undersaturated with CaC&3in the deep oceaand under future ocean
acidification scenarios} aprocesghatinvolves capturing C@out of the water column.
Currently, coral calcification rates exceed dissolution rétesebyallowing coral reef structures
to grow. Thusbecaus¢he CQ released through calcificati@xceeds the C{captured by
dissolution(Figure &), coral eefs are generally considerassmall sources of CEOto the
atmosphere"(Suzuki and Kawahata 2003; Boeges. 2005). However, with increasing ocean
acidification resulting from risingtmospheric C@concentrationghe balance between
calcification anddissolution may shiffFrankignoulleet al. 1994). Under future conditions of
ocean acidification, many reefs are expected to enter a net dissolution phast 8EP@14;
Shawet al.2015) and may become G®inks but to the detriment of the overadilith of reef
ecosystems.

Despite theitimited capacity tadirectly sequestecarbon at leasbverdecadal to century
timescales(Wareet al 1992;Kleypas 1997)coral reefrovide importantlimateadaptation
benefits (egvave bufferingrom extreme ®rmg and support habitats with higher carbon

sequestration potentia#ggmangroves, seagrasses).

Kelp forests

Primarily occurring in nearshore temperate and polar reglaig forests contain dense stands
of macroalga@nd provide food and shelter fiarany marine specieélthough the estimated
areal extent.of'kelp habitat is approximately 2.35 million ha worldwide, only adinaatithis
areahas beewerified (Grahamet al. 2007). The carbostoredin kelpbiomassanges from 37—
54 Mg C ha® (Muraoka 2004)giventhe estimated spatiaxtentof kelp forestsits projected
global carbon stocis between 84127 million Mg C(Table ). Often free floating or attached to
rocky substratekelp do not develop extensive rooting systems for trapping detnitds
sedimentuehas vegetation ooastal wetlandandsodo not have a soil carbon pobree
floating, detached, or dead kelp is quickly consumed by marine fauna inchwiamgspecies
and the fraction of kelpasedcarbon that is ultimately sequesté through buriaih ocean
sedimentss still poorly understoo@Smaleet al. 2013).The short life sparof individual kelp

plants(~1year) andheirlack of longterm @rbon storage, mean that they cannot aetfastive
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longtermcarbon sinksKigure 2b; Spaldinget al. 2003; Muraoka 2004) aratenot considered
as part ot viableclimate mitigation strategyAlthough harvesting kelp for human ussg(n
cosmetics, paper, biofuatpuld benefit climate mitigationy providingmore sustainable
alternaives to using products derived from petroleum or other natural resources
(http://bit.ly/AgOLIhG, to date researabn this topias incomplete ands notbeing implemented

at a globally relevargcale

Phytoplankton
As single€elledorganisms present ihé oceas’ water columnphytoplankton provide 70% of
the oxygenswesbreathe and are a crucial source of food to marine fauna. Althougbuhecim
phytoplanktonsin the world’s oceans is uncert#ieir total biomass is estimated to between
0.5-2.4 billion Mg C Table 1 Buitenhuiset al.2013). Most phytoplankton ashort lived or
consumed by highdrephic-level organismsgiving themarapid turnover. Thus, carbeamains
storedin their biomas®nly for hours to weeks, unlike carbsequesteresh margrove wood,
which candastifor decadddowever, a small yet important fractiohcarbon in phytoplankton
(0.1% or0.5 =2.4million Mg C yr™) will sink and becomsequesteretbng-term inseafloor
sedimentsKigure 3a; Falkowski 20)2

Thessize otheworld’s phytoplankton carbon pool is considered to be relatistlile
(with seasonal variations), but changing ocesnperatures andrculation patternsayleadto
shifts inphytoplanktorspeciesextent and community compositiomhich may altecarbon
fluxes(Lametal 2011; Committee on Geoengineering Climate 200B¥pite representirg
globally relevant carbon sink, phytoplankiare not well suited for climate mitigation policies
because¢h@r sequestrationapacity cannot be manipulated watt geoengineering (about which
the scientific community has articulatewjor concernsCommittee on Geoengineering Climate
2015), issues.of jurisdiction dhe high seas remain a challenged substantiadcientific
uncertainties prohibit accurate carbaccounting of sequestration by phytoplanktbthis time
(for further.discussion, see the penultimsgetionbelow).

Marine fauna

By accumulating carbon in their biomass aelgasingcarbon through respiration and
defecationmarine fauna- specifially calcifiers (eg shellfish, zooplankton, and pteropods), krill,
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andteleostfish — play a role in carbonycling (Figure 3b) These organisms are found in all
major marine waterbodies and populations vary by region and depth, though the largest known

krill population islocated offAntarctica(Atkinsonet al. 2008).

Calcifiers

The shells.of lanktoniccalcifiers can act as ballast to increasetthesporiof organic carbon to
the deep seand thereby sequester it for long perioiEme. However,the formatiorof CaCQ
at the surfacand its dissolution as it sinksives a surface to deepwatdkalinity gradient,
whichreduces the capacity of the surface odeaabsorb CQ (Mathez 2013). In addition,
calcifiersbuildstheir shells using the same@ftation process as coralesulting in the same
net productionof C@ Thereforepased orcurrent scientific understandingg believe that

calcifiers have a limited impact on climate mitigation throogtbon sequestration.

Krill

Althoughestimated to have a meeaarbon pool of 35 million Mg C (Atkinsoet al. 2009;
Laffoley et'al.:2014),krill do not remove carbon from the atmosphbmmselvesand most of
the carborassimilatednto thekrill’s biomass via consumptiagsin turnconsumed by higher-
trophicdevelpredators. Krill feces are estimated to contribute 0.037-56.9¢ Mg ha™ to the
deepwatecarbon fluxbaseling however, the majority of the carbon in fecesaasumedind
either respired or excreté&y bacteria and benthic organissm@Pakhomo\et al.2002; Denman

et al.2007)yand so plays negligible role in climate mitigation throughrbon sequestration.

Teleost fish

Rather than removing atmospheric cardoectly, teleost (rayfinned) fishaccumulate carbon in
their biomasdy.consuming phytoplankton other marineorganismsThis carbon is later
releasedhrough respiration angefecation(in the form ofCaCGQ;). Fish feces also havehagh

Mg contentwhich increases the CaGdissolution neathe ocean surfac&his balance btween
calcificationi(source of C¢) and dissolution (sink of Cwould neutralize much of the GO
releasedlue to he calcification procegdVoosleyet al 2012; Barretet al 2014). Another
aspect of carbon excretion through fish feces is thiatrieasesthe rate at which carbon sinks to
the ocean floor. Howevemostfish fecesare rapidlyconsumedrespired, or excreted by bacteria
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during itsdescentThis restrictsthe amount of carban fecesultimately reaching the deep
ocean (Denmaat al.2007) and thereby limits the contributiaoisfish to longterm ocean
carbon sequestratiort.i$ alsonotclearif there is any additional sequestration value resulting
from fish consumption and subsequent excretion. For example, the carbon sequestered by
phytoplankten.— whether @component of dead phytoplankton, fish biomassisbrfeces—
would eventually sink to theeafloor regardless of its sourtéhile increases in fish
populations;and hence fish biomassl result ina temporaryncrease in théish biomass
carbon poolit'would notaffectthe long-term sequestration of carbon in the deep ocean above
the natural baseling-igure 3b).

In summary, calcifiers, krill, and teleost fish are important components oathen
cycle in oceans but do not contribute to ldagn carbon sequestratio@alcification in fecal
production andlgell formation by calcifiers ia source of C@Qandbecausdish and krillfail to
remove carbouirectly from the atmosphey¢heydo notsubstantiallyalter the baselimof
carbon ultimately sequestered in the ocelleagement and policy actions that lead to changes
in fish andskrillkpopulations woultherefore havaegligiblevalue inlong-term climate
mitigation.“In“addition, most populationsmfrine fauna resida ithe open oceaor cross
international boundaries atiteir membersctively or passiveldisperse, occasionally over vast
distancesthus presenting jurisdictional challengesareling management responsibilities and
sanctions. For all these reaspeecifiers, krill, and teleost fish have limited potential to

contribute to climate mitigation efforts.

Informed climate mitigation policy

To achieve emissions reduction targatsl inform climate mitigation policies, we argue that
comprehensive strategy necessary, one thacognizes the role of — and implemeeifective,
sciencedriven management practices— natural ecosystems, including coastal wetlands
Although reducing fossiluel-based GHG emissions is a direct means to thisamwilled
emissonscanbe gained by protecting habitats, some of which may also offer sequestration-
related servicedHowever, much of theelevant ecosystespecific scientific dataegarding
carbonstorage sequestration rateand anthropogeniemissiors is neither asily accessible to
decision makers na@omparablecross studieand habitats, therelmomplicatinginformed

policy discussionslo address this issyere briefly summarize thearbonsequestrationalue
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and potential emissions from conversadrihe marine ecosystemandecosystem components
mentioned abovéTablel) and thecriteria required for their consideration in climate mitigation
efforts (WebTable2).

Our understanding of the carbsaquestratiosapacityof corals, kelp, and marine fauna
suggestshatthey do notepresent consequentiakrifiable long-termcarbon sinksvith respect
to the atmospher€oralsare currently @arbon sourcegnd marine faundo notsequester
carbondirectlybut are simply a component of the carbon cycle. elpsystemsake up carbon
in the shorterm but without a meaningfidoil componentthey do nomaintainlong-term
sinks.Thecarbon sequestered by phytoplankton in desgan sediments globally important,
due to the.abundance of phytoplankton,ibutherently difficult and impractical to manage
givenits panoceanicdistribution.In addition,the only currentmanagement strateqy increase
phytoplankton productivitabove the baselinavolvesartificially increasing nutrients (iron,
nitrogen, phosphor) in large expanses of the oce@wowever, strongoncerns have been
expressedegardingthe impacts of sucheoengineeringrojects orocean ecosystems (Russil|
al. 2012. Similarly, goenocean ecosystenasepredominantly outside nationgirisdictional
boundaries; hinderinigclusion of these marine ecosystems in climate mitigatdtated policies
(eg Nationally Determined Contributions under the Paris Agreement). Polidgraes include
lack of clarity regarding who would (1) determine and imgathmanagement strategié)
conduct assessments to support national GHG inventori€®),receive financial gains (such as
carbon credits) resulting from climate mitigation activities.

Thesecientific evidence supporting the role of mangroves, tidasines, and seagrasses
as longtermsearbon sinks is welistablished. Recognizirige potentialof these coastal wetlands
to shiftfrom carbon sinks to carbon sources through anthropogenic degradation further supports
the need for their conservation and restoration. Coastal wetlands should beadtegoat
nationalGHG.inventories and climate mitigation strategies, and indeed this has been
recommended.by the Intergovernmental Panel on Climate ChaQ€) ((Hiraishiet al 2014).
To follow the IPCC guidance, countries should conduct national carbon assessments for their
coastal wetlands to determine existing carbon stocks and estimates of emissions from converted
ecosystems, as well as threats and rates of loss to inform management efforts. These initial steps

provide the background knowledge needed to inform national patcydingGHG
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inventories, but also the development (or revision) of national strategiesage coastal
wetland carbon sinks and sources.

Coastal wetlands are included in existing frameworks under the UNFCCC (eg Nationally
AppropriateMitigation Actions[NAMA s]; REDD+; LandUse, LandUse Change and Forestry
[LULUCF] sectors), andelated climate financing mechanismBased on the governance
challenges,associated with operean geogghies antbr the current science demonstratthgt
theyareinconsequential stores of carbon, corals, kelp, phytoplankton, and marine fauna are
ineligible to'be“includedn currentUNFCCCmitigation finance mechanisms and should not be
prioritized at thigime in climate mitigation efforts. Insteacbnservation practitioners should
consider otherinternational policy and funding opportunities (eg biodiversity cotiseraad
climate adaptationp support therotection and restoration of thaegortantcomponents of

coastal and marine ecosystems.

Conclusiors

Coastal bluerearbon ecosystefnmgngrovestidal marshes, and seagragsepresent important
climate mitigation opportunities. These ecosystems have high rates of sath@stration, act
as long-term carbosinks andare contained within clear national jurisdictipmsaddition,
management strategies exist to integthéeninto GHG accounting. By contrast, other marine
ecosystemand ecosystem componenitsdorak, kelp, and marine fauna) dot act as
substantial.and/or long-term carbon sinks. Phytoplanétea long-term carbon sink btiteir
consideration®in climate mitigations policiedimited due tochallenges associated with
ownership;smanagement, aadack of practicahccounting rathods this could be said for
marine fauna as welDegite limitations, these marine systems play a vital roleamtaining
thebaseline of thearbon cycleof the ocean and provide many other services including coastal
protection, habitat, food security, and tourism income. Efforts to protect and marsge the
marine ecosystenae therefor@ssential to maintaining these benefitewever, we
recommendsthat thefforts of national governments itnplement climate mitigatiostrategies
and reduce*emissns should focus oroastal blue carbon ecosystems that represent catical

manageablearbonsinks
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Supporting“infermation

Additionalywebonly material may be found in the online version of this article at

Figure 1. (a)yInrintact coastal wetlands (from left to right: mangroves, tidal marshes, and
seagrassesyarbonis taken up via photosynthesis (purple arrows) where it gets sequestered
long term into woody biomass and soil (red dashed @aspor respired (black arrowsjb) When

soil is drainedirom degraded coastal wetlands, the carbon stored in the soils is consumed by
microorganismswhichrespire and release C{as a metabolic waste product. This happens at
an increased.rate when the soils are drained (when oxygen is more available), which leads to
greater CQ emissionsThe degradation, drainage, and conversion of coastal blue carbon
ecosystemssfrom human activity ¢(ieforestation and drainage, impounded wetlands for
agriculture, dredgingyesults ina reduction in CQ uptake due to the loss of vegetation (purple
arrows) and the release of globally important GHG emissions (orange arrows). This is a unique
trait of coastal blue carbon ecosysteamnpared to the other ecosystems discusstte main

text

Figure 2. (a) Coral reef systems can be either a£X¥0urce or sink. They take up carbon
through photesynthesis of their symbiotic algae and dissolution of the reef stritslfrgourple
arrows), and release carbon through respiration and calcification (black arrows). Cuyrrentl
they are not sequestering carbon, because despite the carbon that is integrated ireb the re
structure, where it can remain for millennia, the net impact of caltifinaon the atmosphere is

still an increase in C@ (b) Kelp take up carbon through photosynthesis (purple arrows) and

This article is protected by copyright. All rights reserved



release carbon through respiratighlack arrows) The majority of kelp is consumed;this

way, some of the carbon in kelp moves into marine fauna biomass and excrement pools. Kelp do
not sequester carbon long term due to their quick turnover rate and lack of a soil component.
There is little evidence that any degraded kelp sinks to the bottom of the gigearthatmost,

if not all, iscensumed before reaching theafloor

Figure 3. (a) Phytoplankton take up carbon through photosynthesis (purple arrow) and release
carbon through respiratioblack arrow) The majority of phytoplankton are consumed by
higher-trophictevel organisms whersome of the carbon gets integrated into marine fauna
biomass and*excrement pools. A small yetdezgentage of phytoplankton sinks to the bottom of
the ocean where it is sequestered long terthénsediment (red dashed arro\l)) Marine

fauna. Fishradkrill do not take up or sequester carbon themselvstead they accumulate
carbon that-was taken up by phytoplankton (purple arrow). The formation of {taCeate

the shells(of calcifiers at the surface and its dissolution as it sinks drives aestofdeepwater
alkalinity gradientwhich further reduces the capacity of the oceaurface to absorb CO

None of these arganisms are considered to sequester carbon.
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Total carbon

Table 1. Carbon storage potential of coastal and marine ecosystems

Potential emissions
due to

anthropogenic

sequestered Carb Anth ) conversion
arbon nthropogenic ing all carb
Geographic Sequestration annually Mean global estimate of carbon stock P g assuming &t carbon
) . stock conversion  is converted to CQ
exter rate (extentx (Total =[soil + biomas$ x extent) -
_ stability rate [a] ((total carbon
sequestration stock per hac ha
rate) converted annually)
x 3.67 conversion
rate to CQ))
i . Top meter Biomass
Million 14 Million ) Total . o
Mg C ha yr L of soil pool pool . Years % yr- Million Mg CO,
hectaregha) Mg C yr X ,  (million Mg C)
(MgCha) (MgCha)
Centuries to
Mangroves 13.8-15.2a,b] 2.26+0.39 [c] 31.234.4 280 |h] 127 ] 56176186 llenni 0.7-3.0 K] 144.3-681.1
millennia
] Centuries to
Tidal marshes | 2.2-40,[c,d] 2.18+0.24 [c] 4.887.2 250 ] 9 [h] 570-10,360 flenni 1.0-2.0 [I,m] 20.9-760.4
millennia
Centuries to
Seagrasses 17.7-60[c] 1.38+0.38 [c] 41.482.8 140 [h] 2 [h] 4260-8520 llenni 0.4-2.6 [n,0] 62.5-813.0
millennia
Centuries to
Coral 28.4.[e] NA* NA NA Unknown Unknown ) ) 0.4-0.57 [p] NA
millennia
4 ] Upto 2.5
Kelp >2.35f] NA NA NA 5] 11.75 NA NA
years
4.01x10° 0.0140.66  507-23,885 Hours to
Phytoplankton 36,190 . 0.5-2.4[q] NA , , , . NA NA
+2.62x10° N [l millennia
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Hours to

36,190 NA NA NA Unknowr? Unknown NA NA

Fauna
‘ millennig®

Notes:*Based on global ocean aréd@hese ecosystems take up carbon but do not sequester giongalculated based on total carbon sequestered and estimate tf exten
~Only a small fraction gets Sequestered long terocean sediment; the majority is temporarily sto&dnly a small fraction gets buried in ocean seditmére majority is
temporarily held in the earbon stock of the spedEstimates of the biomass for teleost fish, calodyplankton, and krilhave high degrees of uncertainty and corinigin
these three categories for a global biomass estimate was ndigpd$3nly for the Great Barrier ReeA = not applicable.

[a] Giri etal.2011 [b] Spaldinget al.2010 [c] Mcleodet al.2011  [d] Duarteet al.2013 [e] Spaldinget al.2001 [f] Grahamet al.2007

[g] Falkowski2012 [h] Pendletoret al.2012 [i] Reedand Brzezinsk2009 [i1 Buitenhuiset al 2013 [k] FAO 2007

[I] Duarteet’al.200% [m] Bridghamet al.2006 [n] Waycottet al.2009 [0] Greenand ShorR003 [p] De’'athet al.2012 [g] Hiraishiet al 2014
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