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An appraisal of global wetland area and its
organic carbon stock

Sudip Mitra*, Reiner Wassmann and Paul L. G. Viek

Wetlands are among the most important natural resources on earth. They are the sources of cultural,
economic and biological diversity. With their wealth of stored carbon, wetlands provide a ptential
sink for atmospheric carbon, but if not managed properly could become sources of greenhouse
gases (GHGs) such as carbon dioxide and methane. Two important long-term uncertainties have
initiated much debate in the scientific community. These are global wetland area and the amount of
carbon stored in it. Compilation of relevant databases could be useful in setting up a long-term stra
tegy for wetland conservation. It has been difficult to estimate the net carbon sequestration potential of
a wetland, because the rate of decomposition of organic matter and the abundance of methanogenic
micro-organisms and fluxes from the sediment are extremely complex, and there are often gaps in
relevant scientific knowledge. The present discussion on density distribution of soil organic C in
global wetlands could well be instrumental in formulating efficient strategies related to carbon seques-
tration and reduction of GHG emissions in wetland ecosystems. Effective assessment of wetlands will

only take place when the available information becomes accessible and usable for all stakeholders.

TEN years dfter the 1992 Rio Eath Summit, the World
Summit on Sustainable Development (WSSD) held a Johan-
nesburg in 2002, was a mgor effort to focus the world's
atention and direct action toward better implementation
of Agenda 21. The WSSD 2002 brought together thousands
of participants, including heads of dates, nationa delegates
and leaders from non-governmentd organizations (NGOs),
busnesses and other mgor groups. This World Summit
has correctly set the ground for the conservation and man-
aepment of naturd resources. Various governments, scien-
tits and policy makers' have recognized the importance
of the wetland as a naturd resource on earth and a source
of cultural, economic and biologicd diversity.

Consarvation and management of wetlands have been
identified as a priority area for action in internationd
conventions and regiond policies. The Ramsar Convention
on wetlands hed in Iran in 1971, which deds expliatly
with wetland conservation, is the oldest of the globd inter-
governmentd  environmenta  conventions.  The  Convention
provided the framework for nationd action and interndio-
nal cooperation for the conservetion and wise use of wetlands
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and their resources. There are presently 144 Contracting
Parties to the Convention, with 1401 wetland sites, totdling
122.8mha, desgnated for incluson in the Ramsar Ligt of
Wetlands of Internationa Importance.

Wetlands can be found in dl dimae zones ranging from
the tropics to the tundra (Antarctica is the only continent
on earth that has no wetlands). Although wetlands occupy
only 4-6% of the earth's land area (~530-570 mha)*® they
sore a substantiadl amount of carbon. However, the actud
quantity of carbon stored in wetlands can only be estimated
within a broad range of uncertainty. Gorhari’, for exarple,
estimated tha wetlands contain 350535 Gt C, corres:
ponding to 20-25% of the world's organic soil carbon.
Irrespective of the precise quantities, these labile carbon
reservoirs pose a maor threst to an accderation of the
greenhouse effect (caused by a variety of anthropogenic
sources) when released to the amosphere.

Wetland destruction ultimately releases carbon to the
amosphere. Although the mgor cause for increesng CO,
levels in the amosphere is burning of fossl fud, wetland
destruction poses a potential threat for acceerating this
greenhouse effect®. Undisturbed wetlands often  function
as active sinks of carbon, dthough they dso emit the green-
house gas (GHG) methane in substantid quantities®. A
beter understanding of the mechanisms responsible for
the large fluctuations in wetland areas over the last gla
da-interglacial cydleis necessary”®

There is no dearth of information about wetland esources
and their management, but that information is scattered in
a variety of sources in incompatible formats. Hence it is
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difficult to obtain comprehensve and rdiable information
on the date and/or the management of globd wetland re-
sources. Lack of accurate knowledge on the location, area,
digribution and condition of wetlands makes it more dif-
ficult to standardize a management plan or policy or to
st management priorities. Because of uncertai nties and
lack of consensus regarding the purpose and use of we-
lands inventories, the information available is too frag-
mented for broader uses or users. The scattered nature of
wetland inventories does not alow identifying the gaps
tha exig in the available inventories. An accurate asessment
of the sze and didribution of the globa wetland resour-
ces and the patterns of their changeis difficult to obtai n’.

The objectives of this article are: (i) to provide a compre-
hensve overview on the role of wethnds in the environ-
ment; (i) to ducidate the uncertainties in the edtimation
of wetland area and its soil organic carbon stock; and (jii)
to collate information on different data sources of wetland
areaand soil organic carbon content.

Definition of wetland and peatland

There is a need to delineate the two terms ‘weland’ and
‘peatland’, which will appear many times in this artide
‘Wetland' is primarily descriptive of the overdl condition
of the land, but it has dso been used with a variety of
connotaions depending on the discipline of the respedive
author and the context of the specific topic. Basicdly dl
concepts of wetlands imply the exigence of a characteristic
vegetation, which sarves as a criterion for dasdfying a
habitat as awetland™®.

The term ‘peatland’ is often used as a synonym for
wetlands, but this term has no consstent definition. The
ambiguity in the concepts of peatland directly affects the
varying esimaes of soil organic carbon in wetlands soils.
One common definition for pest is a pure organic layer at
least 20cm in thickness, and this definition was used in
widely cited studies by Post et al' and Zinke e al.'.
Ancther example is the sudy of Canadian peatland aress
by Tamnoca™ who defined peatlands as having an orgaic
maiter layer grester than 40 cm, and minerd wetlands as
having an organic matter layer of less than 40cm. One of
the most wide-ranging sudies of northern pestlands was
conducted by Gorham™ who used a minimum figure of
30cm organic matter to digtinguish between peat and
non-peat. As yet, there is no sign of a true consensus among
various invedigators. Moreover, peatland concepts should
digtinguish latitudind gradients in the properties of bored,
temperate and tropicad peatlands. The characterization of
tropica pedtlands is even less substantiated than for the
others types™>*®

In 1971, Ramsax Convention, an intergovernmenta
treety on worldwide wetlands conservation, worked out a
definition as follows, Wetlands are ‘areas of marsh, fen,
peat land, or water, whether natural or artificial, permanent
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or temporary, with water that is datic or flowing, fresh,
brackish, or sdty, including arees of marine water, the
depth of which a low tide does not exceed sx neters. In
fact, the Ramsar definition goes beyond the areas actudly
considered as wetlands to ‘incorporate riparian and coastd
zones adjacent to wetlands and dso efforts to capture ‘i slands
or bodies of marine water deeper than 6m at low tide lying
within thewetlands as part of the wetland continuum®”.

Functions and values of wetlands

People often view wetlands as wastdand. Wetlands are
sometimes drained and filled for development; others are
polluted from dumping of westes from various sources
(eg. industry, agriculture, household, etc)). But ecologigs
and others are beginning to deliver the message that wet-
lands are some of the most biologicaly productive ecosys-
tems on the earth'® comparable to rainforests and cord
reefs. An immense variety of species of microbes, plants,
insects, amphibians, reptiles, birds, fish and mammas are
part of awetland ecosystem.

Although the terms ‘function’ and ‘value of wetlands are
often used interchangesbly, they connote different mean-
ings. ‘Functions of wetlands are the physicd, chemicd
and biologicd processes that characterize wetlands eco-
systems (Figure 1). Costanza et al.”® estimated the totd
globd vdue of services provided by coasd aress and
wetland ecosystems to be 15.5 trillion US$ per year, being
46% of the tota vaue of services that globad ecosystems
ae estimated to provide. The maor functions of wetlands
ae wae dorage and groundwater recharge, flood cortrdl,
shordline dabilization, water quality control, moderaing
cdimate and community structure, biodiversity and wildlife
support. Wetlands are immensdly vauable in various apects,
viz. recregtiona and aesthetic value, supply and qudlity,
biodiversity value, etc.
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Figure1l. Role of wetlands in the environment.
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Carbon cycling in different wetland classes

Wetlands are magjor carbon sinks®. While vegetation traps
amospheric CO2 in wetlands and other ecosystems dlike,
the net-sink of wetlands is attributed to low decomposition
raes in anaerobic soils. Many riverine, auaine and coastd
wetlands dso trgp large quantities of sediment from natural
and anthropogenic watershed sources, adding to the carbon
accumution.

Cabon fluxes and pool Szes vary widdy in different
wetlands. Wetlands like coastd flats and playas have sparse
vegetation, resulting in limited carbon turnover; wheress
st marshes have high primary productivity —matching
tropicad forests. Depending upon a variety of interrelated
factors (such as temperature, water level, flow of water
and nutrients), the rate of decomposdtion varies within a
wetland area over time and space. Litter, peat and carbon-
rich sediments may be quickly removed from some coadtd
wetlands by frequent coastd <torms, flood flows and
other physical processes. In contrast, organic matter in
bogs may reman undisturbed for hundreds or thousands
of years.

Varous factors (viz. groundwater level, temperature,
substrate  availability, nutrient level, and microbia popu-
lation) &ffect the decompodtion rate and hence carbon
sequestration. Though wetlands are globaly a mgor snk
for carbon, rdesses of cabon dioxide may exceed photo-
synthesis in some circumstances. Moreover, wetlands emit
lage amounts of methane, an even more potent GHG
than CQO.. Naturd wetlands are the largest natura source
of methane rdesse to the amosphere®™?, amcounting for
~20% of the current globd emisson of ~450-550 Tg
(10¥g). An intend cyding could be observed in the
cabon budget of wetlands. Larger amounts of methane are
produced from the lower leves of peat (caiotedm), while
the upper levels (acrotddm) produce carbon dioxide and a
leest patidly oxidize methane rdeasad from the lower
levels™,

Wetlands affected by climate change

The rdaionship between cdimae change and consarvation
and wise use of wetlands is becoming increasingly impar-
tant; yet not enough attention has been given to it by poli-
ticians and decison mekers. Wetlands play a pivotd role
in recharging aquifers in the aid and semi-arid regions of
the world. Impacts of climate change on wetlands are dill
poorly understood and are often not induded in globd
models of climatechange effects”. The diverse nature of
wetlands makes it dl the more difficult to assess their re-
lation to dimae change more precisdy. Increase in sea
levd might shift wetland systems inland. The freshwater
supplies from coasta wetlands might well be affected by
the higher sea levels and the intrusion of salty water.
The projected changes in dimae ae likdy to affect the
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extent, distribution and nature of wetland functions sSg
nificantly. The rise of nearly 0.6°C during the last century
is quite smal compared to the projected temperature rise
of 14-58°C over the next century®. Even the lower figure
in that range would be more than double the incresse dur-
ing the last century. The upper-end projection of 5.8°C
would be nealy 10 times as great”. The IPCC (Intergov-
enmentd Pand on Climate Change) further prgects that
during this certury, the sea level will rise®® from 0.1-09 m.
Rise in sea levd is likey to result in shift in species com+
position, a reduction of wetlands and productivity function®®.
Increesing  temperaures, changes in  precipitaion, and
so-level rise ae the main aspects of climae change that
will affect didribution and function of wetlands. At the
same time, wetlands represent important carbon stores and
contribute  significantly to the globa carbon cyd€’. It
has become necessary to consder how landuse change
and climate change may affect the role of wetlands in the
globd cabon cyde Increese in temperature, sealeve
ri’e and changes in precipitation degrade the naturd re-
sources and services provided by the wetlands. The range
of change in precipitation from pre-industrid levels is, for
exanple, estimaed for North America to be +20% for
precipitation, + 10% for evaporation and +50% fo run
off®>. The daptation ability of wetland ecosystems to these
climatic variabilities will undoubtedly depend on the rate
and exent of these changes.

Climate change may dso afect the role of wetlands as
a source and snk of GHGs, which represent one of the
most important feedback processes of climae change. As
a result of incressed temperature, the permefrost might
met and ultimately lead to reduced carbon dorage and
sequedtration by the wetlands.  Uncertainty regarding the
impact of cdimae change on carbon cycling in peetlands
is considerable because of the spatid diversity, their differert
positions in the landscape and great variation within a

single peatland®.
Wetlands management and the wise-use concept

Degradetion on a massve scde has dready occurred in
globad wetland ecosystems. Measures must be taken to
stop this progressve loss and degradation. Conservation
measures must be initiated in making the wise use of wet-
lands and of the biologicd and economic wedth that they
support. The Ramsar Convention on Wetlands provides tte
framework for such action. In 1987, during the Ramsar
Meeting of the Confaence of the Contracting Parties in
Regina, the ‘wiseuse concept was defined as follows
‘The wise use of wetlands is their sugtainable utilization for
the bendfit of mankind in a way compatible with the main
tenance of the natural propertties of the ecosystem, and
“sugaingble use’ of wetlands refers to the human use of a
wetland so that it may yidd the grestest continuous benefit
to the present generation while maintaining its potedtia
to meet the needs and aspirations of future generations .
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The man principle underlying the wiseuse concept is
that the contracting parties should work towards the for-
mulation of a national wetland policy and then try to integrate
that in the nationa planning process. The guideines to
the wise-use principle that member states ought to follow
in the process of formuleting their Nationd Wetlands
Paliciesinclude the following actions:

To address legidaion and government policies (such
asareview and harmonizetion of existing legidation).

To increese knowledge and awareness of welands and
their vaues, to review the satus of, and priorities for,
wetlands.

To address problems a particular wetland sites®.

While countries like Audrdia, Canada and Uganda dready
have such policies in place, severa others are in the proc-
ess of formulating policies or have incorporated welands
consarvation concerns in Nationd Biodiversity Strategies
or in Nationd Environmentd Action Plans as meesures to
protect wetlands from degradation and/or loss. A proper

integration of locad and traditiond agro-ecosystems ad-
dressng poor farmer's interests adong with sustainable

management of wetlands, is the key for a suacessful wiseuse
planning of wetlands. Cultura factors other than yidds
and economic profitability are equaly important in determin-
ing the sustainable productivity of agriculturd systems. A
participatory approach bringing together al stakeholders
is the key to successful wetland managament.

More rapid dissemingtion of the available information
on soil, plant, water and exiging aguatic wetland communi-
ties through the media, press and didogue could dragti-
cdly reduce the risk of wetlands loss and lead to a more
sustaingble management plan. Geo-referenced (e loa
tion-specific) data on topogrephy, landform, soil, climate,
water avalability and use, water qudity, landuse and cove,
arable land, land suitability, land productivity, population,
incidence of diseases, infradtructure, land terure, etc. could
assig in planning the wise use of wetlands. Remote sens-
ing and GIS could be hdpful in characterizing and mapping
the chenges in wetland landuse and its natural conditions.
A precise gppraisd of wetland resources and losses could
be useful in devising risk-avoiding messures and in making
wiser use of wetland resources and mantaining its rich
biologica diversty. Effective cooperation in the assess
ment of wetlands use will only take place when the collated
knowledge and information becomes accessble and usable
for dl sakeholders.

Wetlands inventory: relevant databases
Global wetlands digtribution

Matthews natural wetlands database: E. Matthews, NASA/
Goddard Indtitute of Space Studies, has produced (in part
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in collaboration with 1. Fung) a series of files presenting
the globa coverage of wetlands (see http://www.gissnasa
gov/datalanduse). These files were devdoped by com:
bining vegetation, soil and inundation maps to show the
digribution and environmental charageristics of naturaly
occurring wetlands (Teble 1). One of these maps is shown
in Figure 2, displaying the geogrgphica distribution of five
wetland classes.

In the Matthews database, about one hdf of the tota
wetland area lies between 50 and 7C°N. This highdatitude
belt is characterized by peat-rich ecosystems such as bogs
and fens (Figure 2). About 35% of the globad weland area
is broadly distributed in the latitudd zone exterding from
20°N to 30°S. This bdt is codominated by forested and
nonforested swamps and marshes, with a smaler contri-
bution from dluvid or floodplain formaions.

The ISLSCP database The ISLSCP (Internationa Sate
llite Land Surface Climatology Project) database was deri-
ved from hydrologicd maps compiled by J G. Cogley a
Trent University. The Cogley daaset provides globa
ocovaage (1° resolution) of different hydrologicd terrains
(19 totd) and was used by Daras et al.*® for dassifying
wetlands into swamps, marshes, sdt mashes, sdt flats, ad
other wetlands. The wetland area identified by ISLSCP is
farly homogeneoudy distributed over the continents, with
ahigher concentration in Europe and Asa.

DISCover database: IGBP/DIS (Internationa Geosphere—
Biogphere Programme/Data Information System) haes eva-
lusted AVHRR (Advenced Vey High Resolution Redio-
meter) data to compile a datdbase on globd land cover.
Thus, DIScover is a genuindy remote sensng database,
wheress the other databases were derived from maps as
primary data sources (Table 1). Wetlands are determined
as pixes with a pemanent mixture of waer and herbaceous
or woody vegetation. Accordingly, seasond welands are
not represented in DISCover. DISCover database results
in smaler wetland areas than in Madthews and 1SLSCP
data, but classfies more coagtad pixds as wetlands than
does Matthews or | SLSCP.

Ramsar database Ramsaxr database contains rdidble in-
formation on those wetland that fall under the Ramsar
treaty. Even though this wetland inventory is not meant ©
be exhaudive (neglecting non-protected wetlands), it can
be used as ground truth for the vadidation of aher data
basss. The daa extractable for each dte include area and
geographical  coordinates.  Although many stes are located
in Europe, Ramsar wetlands dte areas are well digributed
across different latitudes. Ramsar stes comprise seasond
wetlands (including agriculturd  lands) showing a geoga
phic concentration in Asiaor South America

Conparison of wetland area databases Fgure 3 provi-
des a synthess of the globd wetland areas given in the
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Figure 2.

Global distribution of wetland vegetation types in Matthews and Fung'S dat abase.

Table1l. Characterization of wetlands database

Matthews and Fung ISLSCP DI Scover Ramsar
Resolution I 1° 1° 1°
Primary data sources Vegetation: UNESCO Published maps by J. G. Cogley 1-km resolution Advanced Geogrgphica coadinates
vegetation map; Soil (Trent University) providing Very High Resolution of 950 ‘Ramsar’ wetlands
properties: ared coverage of different Radiometer (AVHRR)
Inundation: operationd hydrologica terrains (19 total) data spanning April 1992
navigation charts through March 1993
Attributesgiven Wetland types (5 or Percentage of cdll area covered Land cover classes (17 total) Name, date of desigre-
12 total) by wetlands including ‘ permanent tion, area (in ha),
Percentage of cdl area wetlands'; percentage of cdl percentage of cdl area
covered by wetlands area covered by wetlands covered by wetlands, and
geographical @ordinates
Wetlands area(mha) 520 467 127 Non-exhaustive
Documentation http://www.giss.nasa.gov/ http://daac.gsfc.nasa.gov/ http://edcdaac.usgs.gov/glcc/ http:/Aww.wetlands.org/
datallanduse CAMPAIGN_DOCS/ISLSCP glcc.html RDB/global/Allsites.html
http://ceos.cnesfr:8100/
cdrom-00b2/ceosl/casestud/
igbp/wpl193.htm

ISLSCP, International Satellite Land Surface Climatology Project; DIScover , The IGBR-DIS globa 1 km land cover dataset.

Matthews, ISLSCP and DISCover databases (Ramsar was
excluded from this comparison because it is nonexhar
dive in naure). The DISCover edimate is sgnificantly
lower than the other two estimates, correspondng to only
27 and 24% of the totd globd wetland aress etimated by
Matthews and ISLSCP respectively. The globad estimates
of Matthews and ISLSCP match ressonably well (x10%),
but only 57% of the respective wetland area was identified
in the same geogrgphicd locations. Likewise, the wetland
aress identified by al three databases correspond to gpro-
ximaedy 25% of each edimate (Figure 3). The pecentage
of area identified by one database only was approximatdy
30 (Matthews and ISLSCP) and 44 (DI SCover).

Daras & a.*® compared the different databases using
Ramsr wetland pixes as ground-truth reference. Among
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the totd wetland areas described in the Ramsar database,
a large proportion (more than 30%) is not identified by
Matthews, ISLSCP or DISCover. The Matthews database
showed the highest degree (45%) of maiching pixels with
Ramsar followed by ISLSCP (26%) and DISCover (5%).
An andlyss for different continents reveded that the Ma-
thews database generadly showed the best match (with the
exception of North America); and that its data are egpe-
cidly accurate for Europe. This leads to the conclusion
that the Matthews datebase is a fairly reliable—though not
exhaudtive —source  for the geographical  digtribution  of
wetlands.

In another study on West Siberian wetlands, Takeuchia
et al® demonsrated that scaling techniques would provide
a tool to extrgpolate the local information from high spatid
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resolution data to larger scde usng low spatid resolution
data.

Soil organic carbon in wetland soils

In 1998, German Advisory Council on Globd Change
(WBGU)®, edtimated areas and carbon storage (Gt) for
various biomes. Vaues of globd wetlands are set in compari-
son with other biomes (Figure 4). Desarts/semi deserts are
biomes with the larget area (455  10P knf), but store
only a redivdy smdl amount of organic carbon. Bored
forests store the highest total amount of carbon (559 Gt),
which is mainly attributed to the carbon pool in the soil
(471 Gt). Tropical forests have the largest vegetation carbon
pool (212 Gt), which makes this biome the second largest
carbon pool in total. In comparison to other biomes, wet-
lands cover a smdler area but with re dively high carbon
storageinit (240 Gt).

However, estimates of carbon in globd wetlands show
a broad range of uncertainty from 202 to 535 Gt (Table 2).
For comparison, these figures are substantidly lower than
esimated carbon pools in the amosphere (720 Gt)® but
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Figure 3. Aress of common and distinct wetland regiors in three dif-
ferent databases (redrawn from Darras et al.*).
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Figure 4. Soil organic carbon storage and area of different globa omes
(drawn with data from WBGU3?).
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ae in the same order of magnitude as the entire cabon
fixed as ol (230Gt C) or natural gas (140Gt C). However,
inter-comparison of these etimates of the wetland carbon
pool is bhiased by various incongruities due to dverging
definitions of wetlandg/peatlands. These deviating weland
concepts add to the inherent uncertainties attached to esti-
mates of wetlands and of C gocks on regiond as wdl as
globd scdes

Post et al.™ reported that wetlands extend to only 280 mha
and the average carbon density in wetlands is 723tha™
Egtimates on carbon stored in wetlands are dso dfected by
different definitions, i.e pedlands are dso classfied in
other ecosystem types such as borea forest and tundra
Buringh® classified histosols (pest soils) according to the
USDA gsystem (Soil Survey Staff 1975) resulting in only
120 mha and cabon density 375tha” by considering the
surface 33 cm only. Globd figures on wetland aress and
their C dorages not only conced regiona differences, but
dso different assumptions. Highly varisble ared edtimates
of soil types and ecosysem types are among the many
factors that give rise to disparate estimates of cabon
quantities stored in pegt (Table 2).

Superimposed on these uncertainties in ared extent are
different figures on carbon content (per unit areq) that are
epecidly variable for pestland. In a pest soil carbon is
present over the full depth of the deposit, the depth of
which veries between a minimum of 30cm and seved
meres. Gorham™ has suggested an average figure of 2.3m
for peatlands in Canada and 25 m for those in the Soviet
Union, which together cover 269mha In fact, particular
peat deposits in various parts of the world may be dgnifi-
cantly deeper.

Many studies express the carbon content of soils on a
percentage (weight) basis; thus it is difficult to derive the
cabon storage (per unit ared), if the depth of the organic
layer is unspecified. In peat soils, the carbon peacentage
usualy does not change appreciably and thus carbon den-
sities (tCha?’) are a direct function of depth. In peat
ils, the average carbon densities range between 600 and
1500t ha® within the upper 1 m of the deposit® On the
bass of carbon density datistics, the C-store of temperate
pestlands was estimated to be 256 Gt, and that of tropical
peatlands® was likewise esimated a 19.3Gt. This only
accounts for peat to a depth of 1m. Adjusting the density to a
depth of 1.5m and usng their own estimate for the temper-
ae aea (357mha), Matby and Immirz® estimated that
the temperate store done could be as high as 392 Gt. The
latter authors identified 41.5mha of pedlands in the
tropica region. Applying a density vaue of 1687.5t ha™
yidds a further 70Gt, which summed with the temperate
dore gives 462Gt. The evduation by Gorham™ yielded
A6 mha or 86-90% of the globa aea by Madthy and
Immirz®. Gorham™ caculated the pool in bored and sub-
arctic peetlands alone at 460 Gt. The carbon stored in peat
coud be 44-71% of the whole carbon hdd in the terres-
trial biota (737 Gt), according to Mathews®.
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Table2. Estimated area and soil carbon stock of wetlands

Soil carbon density Globd carbon store
Reference Area (mha) (tC/ha) in soils (Gt C) Remarks
Sjors etal .52 - - 30 Top 0-100 cm ol
Post et al.l! 280 723 * *Corresponding to 202 Gt C
Buringh®* 120 375 * Only peatland according to USDA definition;
*Corresponding to 45 Gt
Adams et al.>® nd. n.d. 202-377 For top 0-100 cm soil
Maltby and Immirzi® 398 (Adopted from 462 For 150 cm depth of peat depth
Armentano and Menges %)

Eswaran et al >* nd. n.d. 357 For top 0-100 cm soil
Gorham* n.d. n.d. 350-535
Batjes® nd. n.d. 120 For top 0-30 cm sail

nd. nd. 330 For top 0-100 cm soil
WBGU®* 350 642 225 For top 0-100 cm oil

*Not explicitly mentioned in the source; re-caculated here by multiplying given area and carbon density figures.

Greenhouse gas emission and carbon
sequestration

Sources and sinks

The role of wetland-borne fluxes of cabon in the globa
cabon cycle is poorly undersood, and more information
is needed on different wetland types and their functioning
as both sources and sinks of GHGs. Conceptudly, wetlands
may affect the atmaospheric carbon cycle in four ways.

Firt, many wetlands, particularly borea and tropica
peatlands, are highly labile carbon reservoirs. These we-
lands may releese carbon if waer leves are lowered or
land management practices result in oxidaion of oils.
Likewise, increesing temperatures could met permafrost
soils and subsequently emit methane hydrates entrapped
by these wetlands.

Secondly, many wetlands may continue to sequester
carbon from the amosphere through photosynthesis by
wetland plants and subsequent carbon accumulation in the
soil.

Thirdly, wetlands are intricately involved in horizonta
cabon transport pathways among different ecosystems.
Wetlands are prone to trap carbon+ich sediments from
watershed sources, but may aso releese dissolved carbon
through water flow into adjacent ecosystems. These hori-
zontal transport pathways may affect both sequestration
and emission rates of carbon.

Fourthly, wetland soils produce the GHG methane, which
is regularly emitted to the atmosphere even in the absence
of dimate change.

The net carbon sequedtering versus carbon release roles
of wetlands are complex and change over time. Gradud
net sequedtration occurs over time for pestlands and cer-
tain other types of wetlands. Due to their anaerobic chaader
and low nutrient availability, pestland carbon stocks in-
crease  continuously. Gorham™ estimates that bogs absorb
globaly about 01Gt Cyr'. Wojick® gives a range for
globd C-sequedtration in  peatlands and other wetlands
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from 0.1 to 0.7Gt C. In contradt, totd carbon emissions fram
the conversion of wetlands to agricultura lands is esime
ted® to range between 005 and 011GtC yr*. Ceo e
al.® used process-based ecosysem models to study the
impact of dimate change scenarios on methane emission
from wetlands and found that globd warming may pro-
duce higher methane emission; but this effect may be re-
versed by larger increeses in temperature, due to the
effect of soil moisture depletion.

Comprehensive assessments of the source and sink poten-
tid of wetland reclamation should incude the net-emissions
of carbon dioxide, methane and nitrous oxide (the latter
being excluded in this study deding with carbon com:
pounds only). Wetlands emit more than 10% of the globd
source srength of methane as a result of the anoxic condi-
tions occurring in ther flooded soils and their high rates
of primary production®. Nakano et al.*® reported that
fluxes from waterlogged Stes in Sberian pemafrost aes
were much higher than the relatively dry stes where the
fluxes were ner zeo and frequently negative. Tempord
(intraseasond and  diurnd) variation in flux wes larger at
the waterlogged sites than at the dry stes. Table 3 gives a
overview of the various regiond edimates of wetland aess
and the amount of methane emitted from them.

Drainage of wetlands during converson to agriculture
or forestry generdly results in the loss of carbon, as soil
organic matter previoudy stored under anagrobic condi-
tions is eerated and exposed to amospheric oxygen. In
many cases, the organic carbon stores thet had accumulated
dowly over centuries to millennia can be logt in days (in
the case of burning) or over decades® Rates of carbon
loss are often inferred from changes in the surface devaion
of the peat layer. Careful anayss, however, shows that
physicad compaction of pea, if unaccounted for, may
cause subsidence without carbon loss”. Loss of anaerobic
conditions near the wetland surfaces dlows grester oxida-
tion of produced methane. Drainage of wetlands decreases
methane emissions to zero, in Some cases even consumng
smal amounts of methane from the amosphere. Roulet
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Table 3. Regiond wetland area and associated methane emission from various studies

Tropical Temperate Boreal/arctic Globa
Area Emission Area Emission Area  Emission Area Emission
Reference (10%?m?) (Tgyr') (0%md) (Tgyrl) @102nm?) (Tgyrl) (10*2mP) (Tgyr?) Remarks
Aselmann and Crutzer? 2.1 45 1.1 11 2.4 25 5.7 80
Bartlett et al.>® 2.0 55 0.6 17 2.7 39 5.3 111
Fung etal 2.0 71 0.6 12 2.7 32 5.3 115
Bartlett and Harriss®® 2.0 66 0.6 5 2.7 34 5.3 105
Matthews and Fung? 2.0 34 0.6 1.2 2.7 65 5.3 111
Cao etal.>’ 2.0 55.2 0.6 13.8 2.7 21.8 5.3 92 Process model
Hein et al 58 100 87 - 45 23227 Inverse model
Seiler and Conrad®® 38+17 47+ 22
Khalil and Rasmussen®! 90 * *66 156 Pestlands only;
*Temperate
included in bored
Sebacher et al 8 459.0 45-106 Peatlandsonly
Crill etal.5t - 72
Moore et al.®? 15 14-19 Fens only
Ritter et al.%® 7.3 44 Tundra only
Whalen and Reeburgf* 7.3 14-42 Tundra only;
**(1987) **Edimatesin
different years
Whalen and Reeburgf* 7.3 26-78
(1988)
Whalen and Reeburd™ 7.3 24-67
(1989)
Whalen and Reeburd™ 7.3 69-135
(1990)
Christensen et al %% 20+13 Tundra only
Reeburgh et al.®® 7.3 5.5-5.8 Dry tundra only

and Moore™ reported, however, that decresses in methane
emisson from the draned wetlands themsdves may be
offst (in some cases completely) by increased methane
emissions from standing water in the ditches used to pro-
mote drainage.

Kasimir-Klemedtsson et al.”® examined the net effect of
agricultura development on GHG emissons from terperate
wetlands in Europe. The corverson of bogs and fens to
different cropping types led to five- to 23-fold increases
in COz-equivdent emissions, with a large increese in CO2
emissons dominating over a drop in CHs emissions. In-
ceases in NXO emissons have adso been observed in
drained orgmicsoils“e', dthough few data are available.

Climate change is likey to affect the ability of welands
to emit methane and to sequester carbon, but the results
will vary for different wetland types and are difficult to
predict. Increesed CO: in the atmosphere will result in
higher primary productivity in mogt, if not al, wetlands.
As for other biomes, this ‘CO.-fertilization' efect could
enhance the danding stock of carbon in the ecosystem.
On the other hand, wetland rice fields have been shown to
emit more methane under higher CO @(posure‘m, and it
sams reasonadble to assume a padld trend for natura
wetlandsaswell.

Increased  temperatures may result in increesed  eva-
potranspiretion and may thus decrease groundwater and
surface water levels in many wetlands. The combined effect
of lower water levels and higher temperatures may simuate
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decomposition and threasten the existence of many we-
lands ecosystems. Searleve rise may have equdly negaive
effects on freshwater and coastd -zone ecosy gems.

Probably the most drastic feedback process of climae
change may sem from the increase in bored temperatures.
The subsequent northbound migration of the tundra wet-
land ecosystems entails a thawing of permafrost wetlands.
Permafrost presently covers approximatedy 25% of the
eath's land aea and contans vast amounts of biogenic
methane that is trapped in shdlow ice. A reduwction in ared
extent and depth of permafrost —or even a spaid shift —
could lead to a sudden release of methane into the atmos-
phere. The current approximation of the amount of meth-
ane sored in permafrost is over 5000Tg in the ice portion
done® Nakano & a.® reported that the parameter, centi-
metredegrees, could be a good predictive indicator of
methane emission from wetlandsin permafrost areas.

Net balance of greenhouse gases

Derived from Table 3, average CH; eamisson rates for
wetlands are in the order of 200kg CHs ha'yr. Given
the higher globa warming potentid for CH4 (i.e the ability
of one molecule of CHs to trgp heat exceeds that of CO»
by a factor of 21)*, this emisson would compensate a car-
bon sequestration of 42tCO, ha’yr® correspondng to
15t Cha'yr" This vaue is dightly higher, but sl in
the same order of magnitude of what can be derived as
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average carbon sequedtration. Based on the edimate by
Wojick®” of 01 to 07GtCyr" sequestered globaly by
wetlands, carbon sequedtration per area is likdy to be 0.2
to 14t Cha’yr™ (based on our globa estimate of approx.
500 mha wetlands). Due to the counterbaancing of methane
emission by carbon sequestration, pristine welands shoul d
beregarded as areatively small net source of GHGs.

When pedtlands ae drained, minerdizaion processes
start immediately and result in emissons’ ranging between
25 and 10t Cha'yr'. Mean carbon densities in wetland
soils shown in Table 2 are in the range 210-700tC ha’,
whereas the carbon pool in the vegetation mass is edtima-
ted™ to be in the order of 50t Cha®. Emisson of soil and
vegetation carbon  pools through wetland  destruction
would thus compensate for 175 to 500 years of methane
emisson from the same aea (given the carbon equivaent
of 15tCha'yr® for methane emisson, as mentioned
earlier). This computation does not take into account car-
bon sequedration that largely compensaes the net emis-
son of GHGs from pristine wetlands. In turn, emisson
from the soil carbon pool through wetland destruction
would account for several thousands of years of the net
GHG emisson of pristine wetlands. Subsequently, the role
of wetlands in globad cdimae change is manly detemined
by the future development of wetland aress, wheress adual
emissons from prigine wetlands (i.e. methane emission
vs carbon sequestration) play only aminor role.

It is yet uncertain if the conservation of wetlands will
ever be fully integrated into internationd trading schemes
of emisson certificates as envisaged in the Kyoto Protocol.
The Kyoto mechanisms were conceived to fund the miti-
getion of GHG sources, a@. to introduce solar energy and
to use fosdl fue consumption as a basdine to compute net
emisson savings However, the Kyoto Protocol does not
award the mere cessttion of a GHG source such as defor-
edtation, because it will be hard to justify the destruction
of the naturd resource base as a plausble and universdly
accepted  basdine. The Kyoto mechanisms adso apply to
GHG dgnks, regaded as a potentid funding source for
new and restored wetlands”. However, the net sink @pacity
of new wetlands is thwarted by emissons of methane
Therefore, management drategies should primarily am &
increasing the carbon pool a a given wetland aea and
thus a given methane emission. Even if trading of emission
certificatles may become an established pathway to fund
regtoration of degraded land, this mechanism can only be
applied to those wetlands with high (vertical) carbon seques-
tration potential.

Management strategies for protecting carbon
reservoirs and carbon sequestering capahilities

Conservation of wetlands and their sustaindble use as natural
habitats should be included in nationd and intenationd
management  dtrategies that  prevent destruction, degrada-
tion, fragnentation and pollution of the natura resource

CURRENT SCIENCE, VOL. 88, NO. 1, 10 JANUARY 2005

base. Many other activities such as natural resources manage-
ment, legd reforms and their implementation, advocacy,
capacity-building, education and raisng public awareness
could greatly reinforce wetland consavation efforts. An
additional mitigation dtrategy is the restoration of degraded
wetlands and the credtion of man-made wetland ecosystams,
which could augment some of the environmenta furnctions
of wetlands (eg. water qudity improvement and flood
control)*,

Enhancing carbon reserves in wetlands in the context
of climate change is conssent with reducing GHG emis-
sions from the wetlands and restoring their carbon eserves.
Degradation of wetlands and disturbances of their anaero-
bic environment lead to a higher rate of decompostion of
the large amount of carbon stored in them and thus augment
GHG emissons to the atmosphere. Therefore, protecting
the wetlands is a practicd way of retainng the exising
cabon reserves and thus avoiding emisson of CO. and
GHGs. With the ever-increasng population pressure and
elevated food demand, the global wetlands are under sgni-
ficant threat. Due to the changes in land use, over exploi-
tation, dranage and severd anthropogenic activities and
naural processes, the physico-chemicd as wdl & bidog-
ca conditions of wetlands are often disturbed, and these
disturbances lead to rapid loss of carbon from arganic soils.

Consarvation of wetlands could be more effective if the
climate change issues ae dso wel controlled. An ‘eco-
system agpproach’ to manage and conserve wetlands could
be an efficient tool for the future conservation of wetlands.
(The ecosystem approach is a drategy for the integrated
management of land, water and living resources that pro-
motes conservation and sustainable use in an euitable
way. It recognizes that humans, with their culturd diver-
dty, are an integral component of ecosystems) Proper
educdion and dissmination of knowledge about the
‘wise use’ of wetlands is necessary to protect wetlands from
further degradation and the loss of carbon stock from them
to the atmosphere. Measures should be taken to stop the
inflow of any organic resdues from any source to the wet-
lands and to maintain the anaerobic condition of the soils.
Wetlands have a large organic cabon dock, which could
be preserved by proper comservetion practices. Re-floodng
of previoudy drained wetlands could lead to the seques-
tration of large amounts of CO, from the amosphere®. If
wetlands are not preserved or maintained properly, these
ecosystems could switch from being net sinks of carbon
to becoming sources of GHGs that accderate climate
change. More information on specific weland types and
their role in regulating globd climate (CO2 seguestration
vs CH4 emisson) is needed to devise thorough manage-
ment plans.

National initiatives

In 1990, an inventory of the wetlands in India wes carried
out by the Ministry of Environment and Forests. Accord-
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ing to this survey, about 4.1mha is covered by wetlands
of different categories. In addition, mangroves —coasta
welands occupy an aea® of about 6740knf. Redizing
the importance of wetlands, the Ministry of Environment
and Forests has taken several important steps for the con-
sarvation of wetlands, mangroves, and cord regfs in the
country. The management and protection of mangroves
and cord reefs have been taken into specid consideration.
A Coedd Regulation Zone Notification had been put
forth in 1991, prohibiting development activities and dis-
posd of weses in the mangroves and cord reefs. Fifteen
mangrove aress in the country have been identified for in-
tendve conservation. Efforts have been initiated to esta
blish Indian Cord Reef Monitoring Network to integrate
various activities on cord reefs through nationd and in-
terngtiona initiatives.  Ingtitutions of database networking,
ar1d51(:apa:ity and training on cord reefs have been identi-
fied™.

Conclusion and recommendations

The ‘wise usg concept of the Ramsar Convention on Wet-
lands and the idea of ‘sugtainable use from the Rio Dela
ration on Environment and Development, both advocated
the same message of ‘good management’ by utilization of
the avalable resources in ways that keep them available
for future generations. Chepter 10 of the Rio Declaraion
elucidated the issues and chalenges, and the ways to tackle
them. These principles are relevant to wetland management
and conservation. A broad consensus now exists hat wet-
lands are important reservoirs of carbon in their above-
ground biomass, litter, peat, soil and sediment. But there
are wide vaiaions whenever these resarvoirs are quantified.
This sudy examined those uncetanties We bdieve a
more restricted and location-specific Ramsar  definition of
wetlands could help resolve the longlasting uncertainties
and disagreements among scientists aswell as policy makers.

Further destruction of wetlands would entail large emis-
sions of carbon dioxide There is broad agreement that
certan types of wetlands contain large higtoric, reservoirs
of carbon in the above-ground biomass, litter, peat, soil
and sediment. It is aso understood that land management
practices such as drainage may cause the rdease of at least
a portion of the stored carbon. Information is needed to
better evauate genericdly and in specific settings the roles
of wetlands as carbon reservoirs, sources and sinks, so as
to guide protection, enhancement and restoration efforts.
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