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Abstract

Wetlands are among the most important natura resources on earth, as sources of
biologicd, culturd and economic diverdty. Conservation and management of wetlands have
been identified as priority tasks for action in international conventions and regiond policies, but
extensve wetland area has been degraded in many developing countries. These continuing
destruction demands to be redricted or a least dowed down. The primary objectives of this
sudy were (i) assessing ecologica functions and concepts for sustainable use of wetlands and
(i) compiling reevant information sources on geogrgphic digribution of wetlands as wel as
their role in the globa carbon budget.

Wetlands comprise a pivotal globa carbon reservoir and can moreover sequester
additional carbon from the atmosphere in form of soil organic matter. Prigine wetland soils are a
source of the greenhouse gas methane, but — under improper management — these soils emit even
larger quantities of the greenhouse gas carbon dioxide. The discusson on wetland protection
measures is thwarted by uncertainties in the estimated carbon pool sizes and flux rates. On the
global scae, the estimates on the carbon pool size vary from 200 to 530 Gt C while our own
asessment (by incorporating globd soil maps) clearly points towards the lower end of this
range. Likewise, estimates of the carbon sequestration potentid of wetlands vary between 80 to
230 Tg C/ yr. These discrepancies may in part be due to inherent problems in globa land cover
surveys, but diverging definitions of the ecosysem ‘wetlands (especidly in deding with
pestlands) are further confounding an appraisal of globa wetland resources.

Smilar uncertainties as for the globa edimates arise for the geographic distribution of
wetlands as described in different data sources. The three published world maps on wetland
resources only coincide in 20-30 % of the identified wetland area. Our compilation of data on
quantity and digtribution of the wetland carbon pool dlows an identification of potentid ‘hot
goots of future emissons and could feed into development of research and conservation
projects. There are many reasons in favor of protection or a ‘wise use of wetlands that maintains
the basc features of the ecosysem. The sgnificance of wetlands for the globa carbon budget
and thus, for climate change, is a crucid pro-conservation argument that has been substantiated
in this study through findings from current research.
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Kurzfassung

Feuchtgebiete gehdren ds Grundlage fur biologische, kulturdle und wirtschaftliche Vid-
fdt zu den wichtigten Ressourcen der Erde. Der Schutz und das Management von Feuchtge-
bieten snd ds vorrangige Aufgaben in internationden Konventionen und im Rahmen regionder
Entwicklungsprogramme  definiet  worden, jedoch findet in viden Entwicklungdandern ene
grol¥lachige Degradation der Feuchtgebiete datt. Die anhdtende Zerstorung der natlrlichen
Feuchtgebiete ruft nach Mafnahmen zur Begrenzung oder zumindest Verlangsamung. Die vor-
rangigen Ziele der hier vorgdegten Studie snd (i) Bewertung der okologischen Funktionen und
nachhdtiger Nutzungskonzepte fir Feuchtgebiete sowie (i) Zusammenstdlung von relevanten
Informationsquellen  Uber geographische Vertellung der Feuchtgebiete sowie deren Rolle im
K ohlengtoffhaushdlt.

Feuchtgebiete sellen enen der wichtigden globden Kohlenstoffspeicher dar und kénnen
z2udem noch weiteren Kohlengtoff in Form von bodenorganischem Materid binden. Andererseits
snd die Boden natiirlicher Feuchtgebiete eine Quelle des Trelbhausgases Methan, wobe diese
Boden jedoch bel unsachgemédler Bewirtschaftung grofe Mengen des Treibhausgases CO, fre-
setzten. Die Diskusson um konkrete Schutzmal3nahmen fir Feuchtgebiete wird durch Unsicher-
heiten bel der Abschétzung des Speichervermtgens und der Flul¥raten fir Kohlenstoff erschwert.
Die Abschdzungen der globden Kohlengoffspeicherung in Feuchtgebieten  schwanken
zwischen 200 und 530 Gt C, wobe nach unserer eigenen Bewertung (unter Einbeziehung von
gobaden Bodenkarten) eher der untere Bereich diesser Schétzbrete zutreffen sollte. In dhnlicher
Wese dreuen auch die Abschétzungen der globden Kohlengtoffbindung durch Feuchtgebiete
zwischen 80 und 230 Tg C/ yr. Neben den inhdrenten Problemen bel derartigen Abschétizungen
im globden Malstab tragen unterschiedliche Definitionen des Okosystems "Feuchtgebiet”
(insbesondere bel der Behandlung von Torfboden) zu den grof¥en Bandbreiten dieser Schétzung
bel.

Auch hindchtlich der geographischen Vertellung der Feuchtgebiete gibt es Diskrepanzen
zwischen den verschiedenen Datenqudlen. Die drel publizierten Weltkarten Uber Feuchtgebeite
dimmen nur in 20-30 % der angegebenen Héchen mit Feuchtgebieten Uberein. Unsere Daten
Zusammengdlung Uber Menge und Vertelung der Kohlendoffvorréte in Feuchtgebieten erlaubt
die Besimmung von potentiellen 'hot spots der zukinftigen Emissonen und kann daher fir die
Entwicklung von Forschungs- und Schutzprojekten genutzt werden. Es gibt vide Grinde, fir
den Erhdt bzw. ene mdgliche umwetvertragliche Nutzung von Feuchtgebieten einzutreten. Die
Bedeutung der Feuchtgebiete fir den globaen Kohlengtoffhaushdt und damit fir globde Klima-
anderungen ig hiertbe en ganz entscheidendes Argument, welches in dieser Studie mit konkre-
ten Zahlen entsprechend dem aktuellen Forschungsstand belegt wurde.
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1 Introduction

Ten years after 1992 Rio Eath Summit, the World Summit on Sustainable Devel opment
(WSSD) hdd in Johannesburg 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, nationd delegates and leaders from non
governmental  organizations (NGOs), busnesses and other mgor groups. This World Summit
has correctly set the ground for the conservation and management of natural resources. Wetlands
conditute important naturd resources on eath and ae sources of culturd, economic and
biologica diversity. This has been well recognised by various governments, scientists and policy
makers (de Groot, 1992). Conservation and management of wetlands have been identified as a
priority aea for action in internationd conventions and regiond policies The Ramsar
Convention, held in Iran in 1971 deds explicitly with wetland conservetion is the oldest of the
globd intergovernmenta environmentd conventions. The Ramsar Convention on  Wetlands
provided the framework for nationa action and international cooperation for the conservation
and wise use of wetlands and their resources. There are presently 114 Contracting Parties to the
Convention, with 977 wetlands dtes, totdling 71 million hectares, designated for indudon in the
Ramsar Ligt of Wetlands of Internationa Importance.

Other conventions followed suit that directly or indirectly addressed the role of wetlands
in the globd environment from very different angles

Convention on Biologicd Diversty

Convention on Migratory Species

World Heritage Convention

Convention to Combat Desertification (UNCCD) and

UN Framework Convention on Climate Change (UNFCCC).

Despite these priorities and frameworks for action, however, many naura wetlands and
the species, what depend on them continue to be threatened or degraded through a variety of
human actions, both direct and indirect (Dugan, 1994). There is a strong need to increase
awareness of the values of wetlands resources (Finlayson & van der Vak, 1995), especidly
among nationd and internationa decison-makers.

Wetlands can be found in al climate zones ranging from the tropics to the tundra regions
(Antarctica is the only continent on Earth tha has no wetlands). Although wetlands occupy only
4-6 percent of the Earth’s land area (~530-570 Mha) (Matthews and Fung, 1987; Asemann and
Crutzen, 1989), they dtore a subgtantid amount of carbon. However, the actua quantity of
carbon gored in wetlands can only be estimated within a broad range of uncertainty. Gorham
(1995) for example, estimated that wetlands contain 350-535 Gt C, corresponding to 20-25
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percent of the world's organic soil carbon. Irrespective of the precise quantities, these labile
carbon reservoirs pose a mgor threat to an acceleration of the greenhouse effect (caused by a
variety of anthropogenic sources) when released to the atmosphere.

Wetland dedtruction ultimately releases carbon to the atmosphere. Although the mgor
cause for increesng CO, levels in the amosphere is burning of fossl fue, wetland destruction
poses a potentia threat for accelerating this greenhouse effect (Mdtby et a., 1992). Undisturbed
wetlands often function as active snks of carbon, dthough they dso emit the greenhouse gas
methane in substantial quantities (Fung et d., 1991). A better understanding of the mechanisms
responsble for the large fluctuations in wetland arees over the last glacid-interglacid cyde is
necessary (Petit et a., 1999; Chappellaz et d., 1997).

Wetlands not only store water but dso improve water qudity, as shown, for example,
by management action in the Chowilla floodplain in Audrdia (Phillips & Sharley, 1993). Wet-
lands can dso be hepful in purifying wastewater from cities as observed, for another example
in Cdcutta, India (Ghosh, 1993). Maintaining the ecologica role wetlands is an important step
towards regulating the water management activities, which contribute to the GNP as wdl as the
livdihood of local people.

There is no death of information about wetlands resources and their management, but
that information is scattered in a variety of sources in incompatible formats. Hence it is difficult
to obtan comprehensve and reiable information on the sate and/or the management of globd
wetlands resources. The lack of accurate knowledge on the location, area, distribution and
condition of wetlands makes it more difficult Sandardize a management plan or policy or to st
management priorities. Because of uncertainties and lack of consensus regarding the purpose
and use of wetlands inventories, the information available is too fragmented for broader uses or
users. The scattered nature of wetlands inventories does not dlow identifying the gaps that exist
in the avalable inventories. An accurate assessment of the sSze and didribution of the globa
wetlands resources and the patterns of their change has become increasingly difficult to obtain
(Finlayson & van der Valk, 1995).

The fird objective of this study was assessng ecologicad functions and concepts for
sudanable use of wetlands. This goa required a claification of inherent problems in wetland
definitions as well as a comprehensve overview on the role of wetlands in the environment. The
second objective was compiling relevant information sources on both, geographic distribution of
wetlands and their role in the globa carbon budget.
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PART A: CHARACTERIZATION OF GLOBAL WETLANDS RESOURCES
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2  Definition and Classification of Wetlands

‘Wetlands is a generic term commonly used for habitats like marshes, swamps, bogs,
fens, etc. Thus this term is primarily descriptive of the overdl condition of the land, but it has
aso been used with a variety of connotations depending on the discipline of the respective
author and the context of the specific topic. For some, the term wetlands has been a euphemism
for "svamp® and has therefore evoked negative fedings due to its usage in literature and
everyday speech (Nationa Research Council, 1995). Bascdly al concepts of wetlands imply
the exigence of a characterigtic vegetation, which serve as a criterion for classfying a habitat as
awetland (Environment Protection Agency, 1993).

The term ‘peatland’ is often used as a synonym for wetlands, but this term has no
condgtent definition. The ambiguity in the concepts of pestland directly affects the varying
edimates of soil organic carbon in wetlands soils. One common definition for peet is a pure
organic layer a leest 20 cm in thickness, and this definition was used in widdy cited studies by
Post et a., (1982) and Zinke et d., (1984). Quite another example is the study of Canadian
peetland areas by Tarnoca (1980), who defined peatlands as having an organic maiter layer
greater than 40-cm, and minerd wetlands as having an organic metter layer of less than 40- cm.
One of the mogt wide-ranging studies of northern peatlands was conducted by Gorham (1991),
who used a minimum figure of 30-cm organic matter to distinguish between peat and non-peat.
As ye, there is no sgn of a true consensus among vaious investigators. Moreover, pestland
concepts  should  didtinguish latitudind  gradients in the properties of bored, temperate and
tropica pedatlands. At present, the characterization of tropica peatlands is even less substantiated
than for the others types (Walter, 1971; Radjagukuk, 1985).

2.1 Ramsar’'s Wetlands Definition

Wetlands have been defined varioudy in severd countries by scientists and natura re-
source agencies interested in specific functions of wetlands, eg. habitats for water birds, animds
and potentid land uses, etc. This profuson of definitions has prompted the Ramsar Convention
(1971), an intergovernmenta treaty on worldwide wetlands conservation, to work out an agreed
definition as follows. Wetlands are 'areas of marsh, fen, peat land, or water, whether natural or
artificial, permanent or temporary, with water that is static or flowing, fresh, brackish, or salty,
including areas of marine water the depth of which at low tide does not exceed six meters". In
fact, the Ramsar definition goes beyond the areas actualy conddered as wetlands to
“incorporate riparian and coastal zones adjacent to wetlands” and dso efforts to capture
"islands or bodies of marine water deeper than 6 m at low tide lying within the wetlands" as part
of the wetland continuum (Ramsar Information Bureau, 1998).
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This definition is very broad, extending both, area and water depth beyond the previous
concepts of "deepwater habitats'. The definition includes man-made wetlands such as Fish and
ghrimp ponds, farm ponds, irrigated agricultura land (eg., rice paddies); sdtpans, reservoirs,
gravd pits, sewage fams, and cands (Ramsar Information Bureau, 1998). Though widdy
accepted in the politicd arena, the Ramsar definition has triggered some criticism of being too
embracing.

A plethora of wetlands definitions has been developed based on different areas of ex-
pertise or interest — and it seems unlikely that these different wetlands concepts will ever be re-
conciled. Current wetlands definitions ae largely based on biological principles, since
professonds in wildlife biology and botany were among the first to recognize the vaues tha
wetlands in their unaltered state contribute to society (Tiner, 1999).

2.2 Wetlands Classification

A classfication sysem is an essentid prereguidte for obtaining an inventory (Finlayson
and van der Vak, 1995) capable of encompassng the diversty of wetland types. Just as with
wetlands definitions, various classfication sysems have been developed independently by
different indtitutions and authors. The Ramsar Classfication Sysem for Wetlands Type (Ramsar
Convention Bureau, 1997) has attained globa dissemination and is used by over one hundred
dggnatory countries to the Ramsar Convention. Despite this broad-scale agpplication, its
usefulness for inventory purposes gppears limited (Costa et d., 1996).

2.2.1 Ramsar Classification of Wetlands Types

The Ramsar Classfication of Wetlands Type currently in use was adopted by the Con
ference of the Parties in 1990. It divides wetlands into three main categories, namdy: marine and
coasta wetlands, inland wetlands, and man-made wetlands. The categories have further sub-
divisons, which give a totd of 40 wetlands types The Ramsar dassfication was initidly de-
veloped as a ample tool for describing Ramsar dtes. It aso serves as a broad framework to aid
rgpid identification of the main wetlands habitats represented a each Ste, and to provide units
for mapping and comparability of concepts and terms in national or regiond wetlands
inventories. It should be stressed that the Ramsar classfication (Table 1) is suited for use & a
broad domain of wetlands and it has dways been recognized that more detailed but competible
systems may be needed at regiona or nationa levels for complex integrated-planning activities

Through the use of this broad classfication sysem, and in conjunction with other data,
the Convention can identify globaly threstened wetlands types and types those are under-re-
presented in the List of Wetlands of International Importance. This alows the opportunity to
focus attention on those wetlands types and the threats they face.
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Table 1: The Ramsar Convention's Wetlands Classification System

Marine and Coastal wetlands

Inland wetlands

Man-made/intensively
farmed or grazed
wetlands

A - Permanent shallow marine waters less
than six meters deep at low tide; includes
sea bays and straits.

B - Marine subtidal aquatic beds; includes
kelp beds, sea-grass beds, tropical marine
meadows.

C - Coral reefs.

D - Rocky marine shores; includes rocky
offshore islands, sea cliffs.

Tp - Permanent freshwater
marshes/pools; ponds (below 8
ha), marshes and swamps on
inorganic soils; with emergent
vegetation water-logged for at
least most of the growing
season.

1 - Aquaculture (eg.
fish/shrimp) ponds

2 - Ponds; includes farm
ponds, stock ponds, small
tanks; (generally below 8
ha).

E - Sand, shingle or pebble shores; includes
sand bars, spits and sandy islets; includes
dune systems.

F - Estuarine waters; permanent water of
estuaries and estuarine systems of deltas.

G - Intertidal mud, sand or salt flats.

Ts - Seasonal/intermittent
freshwater marshes/pools on
inorganic soil; includes
sloughs, potholes, seasonally
flooded meadows, sedge
marshes.*

3 - Irrigated land;
includes irrigation
channels and rice fields.

H — Salt marshes; includes salt meadows,
saltings, raised salt marshes.

U - Non-forested peatlands;
includes shrub or open bogs,
swamps, fens.

4 - Seasonally flooded
agricultural land.

I - Intertidal forested wetlands; includes
mangrove swamps, nipa swamps and tidal
[freshwater swamp forests.

Va - Alpine wetlands; includes
alpine meadows, temporary
waters from snowmellt.

5 - Salt exploitation sites;
salt pans, salines, etc.

J - Coastal brackish/saline lagoons;
brackish to saline lagoons with at least one
relatively narrow connection to the sea.

K - Coastal freshwater lagoons; includes
freshwater delta lagoons.

L - Permanent inland deltas.

Vt - Tundra wetlands;
includes tundra pools,
temporary waters from
snowmelt.

6 - Water storage areas;
reservoirs/barrages/dams
/impoundments;
(generally over 8 ha).

M - Permanent rivers/streams/creeks;

includes waterfalls.

N - Seasonal/intermittent/irregular
rivers/streams/creeks.

W - Shrub-dominated
wetlands; Shrub swamps,
shrub-dominated freshwater
marsh, shrub carr, alder
thicket; on inorganic soils.

7 - Excavations;
gravel/brick/clay pits;
borrow pits, mining
pools.

O - Permanent freshwater lakes (over 8 ha);
includes large oxbow lakes.

P - Seasonal/intermittent freshwater lakes
(over 8 ha); includes floodplain lakes.

Q — Permanent saline/brackish/alkaline
lakes.

Xf - Freshwater, tree-
dominated wetlands; includes
fireshwater swamp forest,
wooded swamps; on inorganic
soils.

8 - Wastewater treatment
areas; sewage farms,
settling ponds, oxidation
basins, etc.

R - Seasonal/intermittent
saline/brackish/alkaline lakes.

Sp - Permanent saline/brackish/alkaline
marshes/pools.

Xp - Forested peatlands;
peatswamp forest.

9 - Canals and drainage
channels, ditches.

S's - Seasonal/intermittent
saline/brackish/alkaline marshes/pools.

Y - Freshwater springs; oases.

0- No information
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2.2.2 The Cowardin System

The system successfully used by the United States Nationd Wetlands Inventory for a-
most twenty years, known as the Cowardin System (Cowardin et a., 1979), is widely regarded
as being one of the most comprehensve and versdtile wetlands classfication sysems (Finlayson
and van der Vak, 1995). More recently, the Cowardin system was refined to produce a Habitat
Description Sysem (Farinha et d., 1996) for application in an inventory of wetlands in the
Mediterranean basin. The two most known and widely used wetlands classfication sysems are
the Cowardin Classification System and the Ramsar Classfication System:

The dgructure of the Cowardin System is quite different from dmogt dl previous
wetlands cdasdfication sysems. This classfication sysem is based on the determinants of
wetlands diversity rather than the needs of a particular group of users. The Cowardin System is
hierarchicd and corssts of severd layers of detal for wetlands cdlasdfication, including: a
subsystem of water flow; classes of subdrate types, subclasses of vegetation types and dominant
goecies, as wdl as flooding regimes and <dinity levels for each sysem. This sysem is
gppropriate for an ecologicdly based undersanding of wetlands definition. The Cowardin
Sysem was desgned for inventory purposes, and to be of equa use in decison-making
involving wetlands consarvation, management, and utilization. The following is a brief
description of the mgor classes of wetlands under the Cowardian System.

Marine: Open ocean overlying the continental shelf and coastline exposed to waves and
currents of the open ocean shoreward to (1) extreme high water of spring tides; (2) seaward limit
of wetlands emergent plants, trees, or shrubs, or (3) the seaward limit of the Estuarine System,
other than vegetation. Sdlinities exceed 30 parts per thousand.

Eduaine: Deepwater tidd habitats and adjacent tidd wetlands that are usudly semi-
enclosed by land but have open, partly obstructed, or sporadic access to the ocean, with ocean
water a least occasondly diluted by freshwater runoff from the land. The upstream and
landward limit is where ocean-derived sats measure less than .5 parts per thousand during the
period of average annud low flow. The seaward limit is (1) an imaginary line closng the mouth
of a river, bay, or sound; and (2) the seaward limit of wetlands emergent plants, shrubs, or trees
when not included in (2).

Riverine: All wetlands and deepwater habitats contained within a channd except those
wetlands (1) dominated by trees, shrubs, persstent emergent plants, and (2) which have habitats
with ocean-derived sdinitiesin excess of 0.5 parts per thousand.

Lacudrine: Wetlands and deepwater habitats (1) Stuated in a topographic depression or
dammed river channd; (2) lacking trees, shrubs, perssent emergent plants with greater than
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30% aeria coverage;, and (3) whose total area exceeds 8 hectares (20 acres); or area less than 8
hectares if the boundary is active wave-formed or bedrock or if water depth in the deepest part of
the basin exceeds 2 m (6.6 ft) a low water. Ocean-derived sdinities are dways less than 0.5
parts per thousand.

Pdudrine: All nontidd wetlands dominated by trees, shrubs, persstent emergents,
emergent mosses, or lichens, and dl such tidd wetlands where oceanderived sdinities are
below 0.5 ppt. This category dso includes wetlands lacking such vegetation but with dl of the
following characteridtics. (1) area less than 8 ha, (2) lacking an active wave-formed or bedrock
boundary; (3) water depth in the deepest part of the basin less than 2 m (6.6 ft) a low water; and
(4) ocean-derived sdinities less than 0.5 pats per thousand. A paudrine sysem can exis
directly adjacent to or within the lacustrine, riverine, or estuarine systems.

2.3 Carbon Cycling in Different Wetlands Classes

Wetlands are a mgjor carbon sink (IPCC, 2001). While vegetation traps atmospheric CO,
in wetlands and other ecosystems dike, the net-sink of wetlands is attributed to low decompo-
gtion rates in the anaerobic soils. Many riverine, estuarine, and coasta wetlands aso trap large
quantities of sediment from naturd and anthropogenic watershed sources which adding to the
carbon accumulation.

Cabon fluxes and pool szes vay widdy in different wetlands. Wetlands like coastd
flas and playas have sparse vegetation, resulting in limited carbon turn-over; whereas salt
marshes have high primary productivity matching tropica forests. Depending upon a variety of
interrelated factors (such as temperature, water levels, flow of water and nutrients), the rate of
decomposition varies within a wetlands area over time and space. Litter, pesat, and carbon rich
sediments may be quickly removed from some coastd wetlands by frequent coastd storms,
flood flows and other physicd processes. In contrast, organic mater in bogs may reman
undisturbed for hundreds or thousands of years.

Vaious factors (viz. ground water levels, temperature, subdtrate avalability, nutrient
levels, and microbid populations) affect the decomposition rate and hence, carbon sequestration.
Though wetlands are globaly a mgor sink for carbon, releases of carbon dioxide may exceed
photosynthess in some circumstances. Moreover, wetlands emit large amounts of methane, an
even more potent GHG than CO,. Naturd wetlands are the largest naturd source of methane
release to the atmosphere, accounting for ~ 20% of the current globad emisson of ~450-550 Tg
(10* @) (Khalil and Rasmussen, 1983; Fung et d., 1991; Houghton et a., 1996). An internd
cycling could be observed in the carbon budget of wetlands. Larger amounts of methane are pro-
duced from the lower levels of peat (catotelm) while the upper levels (acrotelm) produce carbon
dioxide and at least partidly oxidize methane released from the lower levels (Kuder, 1999).
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3. Functions and Values of Wetlands

People often view wetlands as wastdland. Wetlands are sometimes drained and filled for
devdopment; others are polluted from dumping. But ecologists and others are beginning to
deiver the message that wetlands are some of the most biologicaly productive ecosystems on
earth, (Tiner, 1989), comparable to rain forests and cora reefs. An immense \ariety of species of
microbes, plants, insects, amphibians, reptiles, birds, fish, and mammas can be pat of a wet-
lands ecosystem.

Although the terms ‘function’ and ‘vaue of wetlands are often used interchangeably, they
connote different meanings. Wetlands ‘functions are the physica, chemicd, and biologicd pro-
that characterize wetlands ecosystems (Figure 1). Wetlands ‘vaues are estimates, usudly
subjective, of worth, merit, qudity, or importance (Richardson 1994). Wetlands vaues may be
derived from outputs that can be consumed directly, such as food, recrestion, or timber; indirect
uses which arise from the functions occurring within the ecosysem, such as water qudity and
flood control; possible future direct outputs or indirect uses such as biodiversty or conserved
habitats, and the knowledge that such habitats or species exist (Figure 1, known as existence
vaue) (Serageldin, 1993). Codtanza et d., (1997) estimated the totd globa vaue of services
provided by coastal areas and wetlands ecosystems to be 15.5 trillion US$ per year, being 46%
of the total value of servicesthat globa ecosystems are estimated to provide.
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Figure 1: Schematic View of the Role of Wetlands in the Environment
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3.1 Functions of Wetlands
3.1.1 Water Storage and Ground Water Recharge

The water storage capacity of wetlands can help to reduce pesk water flows after a sorm
by dowing the movement of water into tributary streams, thus dlowing potentid floodwaters to
reach rivers over a longer period of time. The extent of ground water recharge by a wetland de-
pends upon soil, vegetation, dite, perimeter-to-volume ratio, and water table gradient (Carter and
Novitzki, 1988; Weller, 1981). Wetlands facilitate the flow of water between the ground-water
system and the surface-water system.

3.1.2 Flood Control

Wetlands play a pivota role in controlling floods. Wetlands help to lessen the impacts of
flooding by absorbing water and reducing the speed a which floodwaters flow. Upstream wet-
lands can serve to dtore floodwaters temporarily and release them dowly downstream following
their naturd paths. If those pathways are atered or blocked, floodwaters may damage property
and threaten public safety. Along part of the main stream of the Charles River n the USA, 3,800
hectares of wetlands have been vaued a US$ 17 million per year, which is the estimated cost of

12



Global Inventory of Wetlands and their Role in the Carbon Cycle

flood damage that would result if they were drained (Ramsar, 2001). Flood protection may be
epecidly important in urban settings and areas with steep dopes, overgrazing, or other land
features that tend to increase storm water amounts and velocity. These functiond vaues can pro-
vide economic benefits to downstream property owners (EPA, 2002). Without wetlands as a
natura flood control mechanism, flooding can become more severe.

3.1.3 Shoreline Stabilization

The gate of the physcochemicd characteristics of a stream and other high qudity water-
ways often depends on shordine wetlands. By sabilizing soil, encouraging sediment depogtion,
and dampening the effects of wave action, the vegetation found in wetlands dong the coadt,
around lakes and dong the shordines of rivers and streams helps to control eroson and hold
sediment in place (Ramsar 2001).

3.1.4 Water Quality Control

Wetlands can improve water quality by removing pollutants from surface waters (Ramsar
2001). Three pollutant remova processes provided by wetlands are particularly important: se-
diment trapping, nutrient removad, and chemicd detoxification (Depatment of Environmentd
Conservation, 1999).

3.1.5 Climate Effects

Apat from ther effect on globa climate (see chapter 9), wetlands dso exert an impact
on locd/regiond cimate. Many wetlands return over two-thirds of their annud water inputs to
the amosphere through evapo-transpiration (Richardson and McCarthy 1994). The extreme
temperature of the neighboring uplands might dso be restrained by the presence of wetlands
(Brinson 1993).

3.1.6 Community Structure and Wildlife Support

The wildife community and the functioning of wetlands as suitable habitat are grestly
affected by the shape and size of the wetlands (Kent 1994; Brinson 1993; Harris 1988). Shape is
aso important for the possibility of anima movement within the habitat and between habitats.

13
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3.2 Values of Wetlands

3.2.1 Recreational and Aesthetic Value

Wetlands provide consumptive uses such as fishing and hunting; as well as non-con
sumptive uses such as swimming, boating, bird-watching, and hiking that do not remove or dter
the wetlands resources. In addition to their recreationd and aesthetic vaues, wetlands can dso
provide economic gains. Many wetlands are mgor attractions for tourism. Some of the finest
wetlands are protected as Nationa Parks, World Heritage Sites, Ramsar sites, or Biosphere
Resarves. Many wetlands Stes generate condderable income locdly and nationdly (Ramsar,
2001).

3.2.2 Water Supply and Quality

A mgor role is played by the wetlands in regulaing the movement of water within water-
sheds as well as in the globa water cycle (Richardson 1994; Mitsch and Gossdlink, 1993). Wet-
lands play a key role in recharging the underground aguifers that store 97% of the world's un-
frozen freshwater (Ramsar, 2001). To hillions of people, groundwater is the only source of
drinking water and for many a valuable source irrigation water. Groundwaeter recharge of up to
20% of wetlands volume per season has been observed (Weller, 1981). Severd types of wetlands
could be useful for ther buffering capacity as an dternative to expendve technicd measures for
regulating the quantity of water flow. Various wetlands aqudtic plants aso act as purifiers that
screen out severa toxins and excess nutrients from the soils and water. Wetlands are immensdly
important in sustaining the quantity and the quality of water supplies.

3.2.3 Biodiversity Values

Wetlands are among the most productive ecosystems in the world (Mitsch and Gossdlink,
1993). Wetland ecosystems include a wide diveraty of species (McAlliger et d., 1997). Even
though only 1% of the Earth's surface is covered by the freshwater wetlands ecosystem, they
hold more than 40% of the world's species, among which are 12% of al animad species
(Ramsar, 2001). Wetlands provide habitat and nurture a plethora of varieties of plants, insects,
amphibians, reptiles, birds, fish, microbes and other forms of wildlife. Hora and fauna avaladle
in various types of wetlands play a criticd role in the pharmaceutica industry, as 80% of the
world’ s population depend on traditiona medicines for primary health care (Ramsar, 2001).
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4. Wetlands Management and the Wise Use Concept

Degradation on a massve scde has dready occurred in globa wetlands ecosystems of
immense importance. Measures must be taken to stop this progressve loss and degradation.
Consarvation measures must be initiated in making the wise use of wetlands and of the
biologicd and economic wedth they support. The Ramsar Convention on Wetlands provides the
framework for such action. In 1987, during the Ramsar meeting of the Conference of the
Contracting Parties in Reging, the ‘wise usg concept was defined as follows: “The wise use of
wetlands is their sustainable utilizetion for the benefit of mankind in a way competible with the
maintenance of the naturd properties of the ecosystem, and ‘sustainable use’ of a wetlands refers
to the human use of a wetlands so that it may yied the greatest continuous benefit to the present
generdtion while maintaning its potentid to meet the needs and aspirations of future
generations’.

The main principle underlying the wise use concept is that the contracting parties should
work towards the formulation of a nationd wetland policy and then try to integrate that in the
national planning process. The guiddines to the wise use principle that member states ought to
follow in the process of formulaiing ther Nationd Wetlands Policies include the following
actions.

to address legidation and government policies (such as a review and harmonization of

exiging legidation);

to increase knowledge and awareness of wetlands and their values, to review the datus

of, and priorities for, wetlands, and

to address problems at particular wetlands sites (Davis, 1994).

While countries like Audrdia, Canada and Uganda dready have such palicies in place,
sved othes ae in the process of formulating policies or have incorporated wetlands
consarvation concerns in Nationad Biodiveraty Strategies or in Nationa Environmentad Action
Plans as measures to protect wetlands from degradation and/or loss. A proper integration of local
and traditional agro-ecosystems addressng poor famer's interests dong with sudtainable
management of wetlands is the key for a successful wise use planning of wetlands. Culturd
factors other than yidds and economic profitebility are equaly important in determining the
sudanable productivity of agriculturad systems. A participatory gpproach bringing together dl
stakeholders is the key to successful wetland management.

More ragpid dissemination of the avaldble informaion on soil, plant, water and existing

aguatic wetland communities could dragticdly reduce the risk of wetlands loss and lead to a
more sudainable management plan. Geo-referenced (i.e. locationspecific) data on topography,
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landform, soil, climate, water availability and use, water qudity, land use and cover, arable land,
land suitability, land productivity, population, incidence of diseases, infrastructure, land tenure,
etc— dl these could assg in planning the wise use of wetlands. Remote sensing and GIS could
be hdpful in characterizing and mapping the changes in wetland use and its natura conditions.
A precise gppraisal of wetland resources and losses could be useful in devisng risk-avoiding
measures and in making wiser use of wetlands resources and maintaning its rich biologica
diversty. Effective cooperdaion in the assessment of wetlands use will only teke place when the
collated knowledge and information becomes accessible and usable for al stakeholders.
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5. Wetlands Affected by Climate Change

The relationship between climate change and the conservation and wise use of wetlands
is becoming increasingly important, yet not enough atention has been given to it by politicians
and decison makers. The projected changes in climate are likely to affect the extent, digtribution
and naure of wetlands functions dgnificantly. The rise of nearly 0.6 degrees Cds€us during the
last century is quite small compared to the projected temperature rise of 1.4 — 5.8°C over the
next century (IPCC, 2001). Even the lower figure in that range would be more than double the
increase of the last century. The upper-end projection of 5.8 degrees Celsus would be nearly 10
times as great (IPCC, 2001). The IPCC further projects that during this century sea levd will rise
from 0.1-0.9 m (IPCC,2001). Rise in sea levd is likdly to result in shifts in gpecies compositions,
a reduction of wetlands and productivity function (Warren and Niering, 1993). Increasing tempe-
ratures, changes in precipitation, and sea-leve rise, are the main aspects of climate change that
will affect wetlands digtribution and function. At the same time, wetlands represent important
carbon stores and contribute significantly to the globa carbon cycle (Patterson, 1999). It has
become necessary to condder how land use change and climate change may affect the role of
wetlands in the globa carbon cycle. Increases in temperature, sea-level rise, and changes in pre-
cipitation degrade the naturd resources and services provide by the wetlands. The range of
change in precipitation from pre-indudrid levels is for example, estimated, for North America to
be + /~ 20% for precipitation, +/— 10% for evaporation and +/ — 50% for runoff (Frederick,
1997). The adaptation ability of wetlands ecosystems will be undoubtedly depend on the rate and
extent of these changes.

High dependency on water levels makes wetlands specidly vulnerable to changes in
climatic conditions that affect weter avalability. Any changes in the hydrological cycle, ranfdl
pattern, and temperature will affect both surface and groundwater systems, domestic water
supply, irrigation, hydropower generation, indudtrial use, navigation, and water-based tourism. It
is projected that the demand for water will increase practicaly everywhere during the coming
decades. However, climate change is expected to lead to a decrease in water availahility,
epecidly in aid and semi-arid areas. Wetlands play a pivotd role in recharging aquifers in the
aid and semi aid regions of the world. For example, a dramatic decline in the surface of Chad
Lake has been observed since 1960s as a result of less rainfal and discharge of water from Chari
Rivers (Taling and Lamodle, 1998). Impacts of climae change on wetlands are dill poorly
understood and are often not included in globd models of climate change effects (Clar et d.,
1998). The diverse nature of wetlands makes it dl the more difficult to assess its reation to
cimate change more precisdy. Increese in sea levd might shift wetlands systems inland. The
freshwater supplies from coastd wetlands might well be affected by the higher sea levels and the
intrusion of salty water (Frederick, 1997).
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Climate change may dso affect the role of wetlands as a sources and sinks of greenhouse
gases, which represent one of the most important feedback processes of climate change. Green
house gas emisson and carbon sequedtration in wetlands will be daborated in chapter 9, which
as0 addresses the possible impact of temperature on these processes. As a result of increased
temperature, the permafro might met and ultimately lead to reduced carbon sorage and
sequestration by the wetlands. The uncertainty regarding the impact of climate change on carbon
cycing in pedtlands is consderable because of the spatid diverdty, their different pogtions in
the landscape, and the greset variation within asingle peatland (Moore et d., 1998).
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6. Wetlands Inventory: Relevant Databases

6.1 Global Wetlands Distribution

6.1.1 Matthews Natural Wetlands Database

E. Matthews from NASA/ Goddard Ingtitute of Space Studies has produced (in part in
collaboration with 1. Fung) a series of files presenting the globa coverage of wetlands (see
http://Amww.gissnasagov/datallanduse). These files were developed by combining vegetation,
s0il and inundation maps to show the digribution and environmental characterigics of naturaly
occurring wetlands (see Table 2). One of these maps is shown in Fgure 2, displaying the geo-
graphica didribution of 5 wetlands classes, another wetlands attribute given in another file per-
tains to the fractiona inundation of each wetlands pixd.

In the Matthews data base, about one —hdf of the tota wetlands area lies between 50°
and 70° N (Figure 2). This high latitude bt is characterized by pesat-rich ecosysems such as
bogs and fens (Figure 3). About 35% of the globa wetlands area are broadly distributed in the
latitudind zone extending from 20°N to 30°S. This belt is co-dominated by forested and non

foreted swamps and mashes with a smdler contribution from dluvid or floodplain
formations.

Figure 2: Latitudinal Distribution of Wetland Areas from Matthews Database
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Table 2: Characterization of Wetlands Databases
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Matthews and | ISLSCP' DIScover Ramsar

Fung
Resolution | 1° 1° 1° 1°
Primary 1) Vegetdion: Published maps by 1-km-resolution Geographica coordinates
data Unesco vege- JG. Cogley (Trent | Advanced Very High of 950 'Ramsar' wetlands
sources tation map, ilﬁ]nl\;eé:tg)\r/);wi- of Resolution Radiometer

2) Soil proper- | ety hydrcfg (AVHRR) data

ties Zobler logical terrains (19 spanning April 1992

(1986) totd) through March 1993

3) Inundation:

Operationa

Navigation

Charts
Attributes | @) Wetlands Percentage of cell Land cover classes (17 | Name, date of desg-
Given types(5or12  |areacovered by total) indl. ‘permanent nation, area (in hectares),

totd) wetlands wetlands; percentage of percentage of cell area

b) Percentage of cell area covered by covered t-)y wetlands and

geographica coordinates

cdl areacovered wetlands

by wetlands
Wetlands | 520 467 127 (non-exhaudtive)
area
(Mha)
Documen- | hitp:/mwww.giss. | http://daac.gsfc.nasa. | http://edcdaac.usgs.gov/ | http://Aww.wetlands.org/
tation nasa.gov/datallan | gov/ICAMPAIGN D | glec/giec.hmi RDB/global/Allsteshtm

duse OCS/ISL SCP/ http://ceos.cnes.fr:8100/

- cdrom-
00b2/ceosl/casestud/igh
p/wpl93.htm

1 1SLSCP = International Satellite Land Surface Climatology Project

2 DIScover = The IGBP-DIS global 1 km land cover data set
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6.1.2 The ISLSCP Database

The ISLSCP (International Satdllite Land Surface Climatology Project) database was de-
rived from hydrologicd maps compiled by by JG. Cogley a Trent Universty. The Cogley data
set provides globa coverage (1° resolution) of different hydrologica terrains (19 totd) and was
used by Daras et a. (1999) for classfying wetlands into swamps, marshes, sdt mashes, st
flats, and other wetlands. The wetlands area identified by ISLSCP is farly homogeneoudy
distributed over the continents with a higher concentration in Europe and Asa

6.1.3 DISCover Database

IGBP/DIS (Internationd Geosphere-Biosphere Programme Data Information  System)
has evduated AVHRR (Advanced Very High Resolution Radiometer) data to compile a data
base on globd land cover. Thus, DIScover is a genuindy remote sensing data base wheress the
other data bases were derived from maps as primary data sources (Table 2). Wetlands are de-
termined as pixels with a permanent mixture of water and herbaceous or woody vegetation.
Accordingly, seasonal wetlands are not represented in DISCover. DISCover database results in
smaler wetlands areas than in Matthews and ISLSCP data, but classfies more coadtal pixels as
wetlands than does Matthews or ISLSCP.

6.1.4 Ramsar Database

Ramsxr data base contains relidble information on those wetlands that fal under the
Ramsar tresty. Even though this wetlands inventory is not meant to be exhaudive (neglecting
non-protected wetlands), it can be used as ground truth for the vaidation of dher databases. The
data extractable for each ste include area and geographical coordinates. Although many dtes are
located in Europe, Ramsar wetlands dte areas are wdl distributed across different latitudes.
Ramsar gtes include seasonad wetlands (including agricultura lands) showing a geographic con
centration in Asa or South America

6.1.5 Comparison of Wetlands Databases

Figure 4 provides a synthess of the globad wetlands area given in the Matthews, 1SLSCP
and DISCover data bases (Ramsar was excluded from this comparison because its nor-ex-
hausive nature). The DISCover edtimate is Sgnificantly lower than the other two edimates
corresponding to only 27% and 24% of the tota globa wetlands area estimated by Matthews
and ISLSCP, respectively. The globd estimates of Matthews and 1SLSCP match reasonably well
(+- 10%), but only 57% of the respective wetlands area were identified in the same geographica
locations. Likewise, the wetlands areas identified by dl three data bases correspond to
approximately 25 % of each estimate (Figure 4). The percentage of area identified by one data
base only was approximately 30 % (Matthews and ISLSCP) and 44 % (DISCover).
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Darras et d (1999) compared the different data bases usng Ramsar wetlands pixels as
ground truth reference. Among the tota wetlands areas described in the Ramsar data base, a
large proportion (more than 30 %) is not identified by Matthews, ISLSCP or DISCover.
Matthews's database showed the highest degree (45 %) of matching pixels with Ramsar
followed by ISLSCP (26 %) and DISCover (5%). An andyss for different continents reveded
that Maithews database generdly showed the best match (with the exception of North
America); and that its data is especidly accurate for Europe (Figure 5). This leads to the con
clusons that Matthews database is a fairly rdiable — though not exhaudtive— source for the geo-
graphica didribution of wetlands.

Figure 4: Areas of Common and Distinct Wetland Regions in Three Different Databases
(Redrawn from Darras et al., 1999).
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Figure 5: Ramsar Wetlands Area Identification by other Databases Distributed over
Continents (from Darras et al., 1999)
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7. Soil Organic Carbon in Wetlands Soils

7.1. Previous Estimates

In Figure 6, estimated areas and carbon storage (Gt) vaues of globa wetlands are set in com+
paison with other biomes. Deserts semi deserts are the biome with the largest area (455 10°
kn?), but store only a relatively smdl amount of organic carbon. Boredl forests store the highest
tota 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 poal in tota. In comparison to other biomes, wetlands cover a smaller
area but with reatively high carbon storage in it (240 Gt).

Figure 6: Soil Organic Carbon Storages and Areas of Different Global Biomes (Drawn
with Data from WBGU, 1998).
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However, the estimates of carbon in globad wetlands show a very broad range of uncertainty
from 202 to 377 Gt (Table 3). For comparison, these figures are substantidly lower than
estimated carbon pools in the atmosphere (720 Gt; Fakowski et a., 2000), but are in the same
order of magnitude as the entire carbon fixed as oil (230 Gt C) or naturd gas (140 Gt C).
However, the inter-comparison of these estimates of the wetlands carbon pool is biased by
vaious incongruities due to diverging definitions of wetlands' pestlands (see chapter 2). These
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deviating wetlands concepts add to the inherent uncertainties attached to estimates of wetlands
and of C stocks on regiona aswell as globa scales.

Table 3: Estimated Areas and Soil Carbon Stocks of Wetlands

Reference Area Soil carbon Global carbon Remarks
(Mha) density store in
(t C/ha) soils (Gt
0
Sjors et al., - - 300 Top 0-100 cm soil
1980
Post et al., 280 723 * * Corresponding. to
1982 202Gt C
Buringh 1984 120 375 * Only peatland acc. to
USDA

definition; *
corr. to 45 Gt

Adams et al., n.d. n.d. 202-377 For top 0-100 cm soil
1990
Maltby and 398 ok 462 For 0-150 cm soil
Immirzi (Temperate
, 1993 +Tropical)
Eswaran et al., n.d. n.d. 357 For top 0-100 cm soil
1993
Gorham, n.d. n.d. 350-535
1995
Batjes, 1996 n.d nd 120 For top 0-30 cm soil
n.d. n.d. 330 For top 0-100 cm soil
WBGU 1998 350 642 225 For top 0-100 cm ol

* Not explicitly mentioned in the source; re-calculated in this report by multiplying given area and carbon density
figures.
** Adjusted from Armentano and Menges (1986 ).

Post et d. (1982) reported that wetlands extend to only 280 Mha, and the average carbon
density in wetlands is 723 t hal. Estimates on carbon stored in wetlands are aso affected by
different definitions, i.e. peat lands are dso classfied in other ecosystem types such as bored
fores and tundra. Buringh (1984) classfied histosols (peat soils) according to the USDA system
(Soil Survey Staff 1975) resulting in only 120 Mha and carbon density 375 t ha™* by considering
the surface 33 cm only. Globa figures on wetlands areas and their C storages not only concedl
regiond differences, but dso different assumptions. Highly varisble ared edimates of soil types
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and ecosystem type are among the nany factors that give rise to disparate estimates of carbon
quantities stored in pest (Table 3).

Superimposed on these uncertainties in ared extent are different figures on carbon con
tent (per unit areq) that are especidly variable for peatland. In a peat soil carbon is present over
the full depth of the depost, the depth of which varies between a minimum of 30 cm and severd
meters. Gorham (1991) has suggested an average figure of 2.3 m for pegtlands in Canada and 2.5
m for those in the Soviet Union, which together cover 269 Mha. In fact, particular peat deposts
in various parts of the world may be significantly deeper.

Many studies express the carbon content of soils on a percentage (weight) basis, so it is
difficult to derive the carbon storage (per unit areg) if the depth of the organic layer is un-
specified. In peat soils the carbon percentage usualy does not change appreciably, and thus car-
bon densties (t C hal) are a direct function of depth. In peatsoils the average carbon densities
range between 600 and 1,500 tha™ within the upper 1 m of the deposit (Armentano and Menges,
1986). On the basis of those carbon dendity datistics, the temperate peatlands G<tore was esti-
mated to be 256 Gt, and the tropica pestlands store wadike wise estimated at 19.3 Gt (Maltby
and Immirzi, 1993). But this only accounts for peet to a depth of 1 meter. Adjusting the densty
to a depth of 1.5 m and using their own estimate for the temperate area (357 Mha), Matby and
Immirzi (1993) edimated that the temperate store alone could be as high as 392 Gt. The latter
authors identified 41.5 Mha of peat lands in the tropicd region. Applying a dendgty vaue of
1687.5 tha* yields a further 70 Gt, which summed to the temperate store gives 462 Gt. Gorham's
(1991) evaudion yieded 346 Mha or 86-90% of Mdtby and Immirzi’'s (1993) globa area
Gorham (1991) cdculated the pool in borea and sub arctic peat lands alone a 460 Gt. The car-
bon stored in peat could be 44-71% of the whole of the carbon held in the terrestria biota (737
Gt) according to Matthews (1984).

To ascertain consstency of these estimates ranging 200 to 530 Gt C, we have juxtaposed
the Matthews data base (previoudy shown as the most relidble globad wetland map) and the
maps on globa SOC digribution shown below (Batjes et d., 1996). The detailed results of this
assessment are shown in Mitra et d. (submitted) and clearly point towards the lower end (rather
than the higher end) of these SOC edtimates for globd wetlands. This finding is in line with the
devdopment of the scientific discussons as can be seen from the time series of estimates shown
in Table 3.

7.2 ISRIC-WISE Soil Organic Carbon Data Base

ISRIC (International Soil Reference and Information Centre) has developed a uniform
methodology for a global database of soil properties within the framework of WISE (World In+
ventory of Soil Emisson Potentias), a project on World Inventory of Soil Emisson Potentids
(Batjes and Bridges, 1994; Batjes et d., 1995). The WISE database, which currently contains
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data for 4353 profiles, has been used to generate a series of uniform data sets of derived soil pro-
perties for each of the 106 soil units considered on the Soil Map of the World (FAO-UNESCO,
1974). The WISE data base excludes glaciers, oceans and inland waters. The highest soil organic
carbon class (only existent in the 0-100 cm map) is >48 kg C/nt-

These data sets were then linked to a %2 © -resolution version of the edited and digitd Sail
Map of the World (FAO, 1995). As such, they can be used readily to generate thematic maps of
soil properties for a range of sudies of globd environmentd change (eg. Knox et d., 2000).
Figure 7ab shows GIS raster images of soil organic carbon density (kg C m) for 0-30 cm and
0-100 cm depths respectively, generated from these data files and used in this study. The ragter
datafileis based on a 30 x 30 minute grid.

Figure 7a,b:  Global Soil Organic Carbon Distribution in the Soils Layers of (a) 0-0.3m
and (b) 0-1m (Batjes, 1996).
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The juxtgpodstion of this soil mgp (Fig. 7b) with a globd wetland map, namey the
Matthews data base, dlows a geographic description of the wetland SOC pool (Mitra et a., sub-

mitted):

Boreal/ tempora wetlands. The wetlands of Alaska have SOC contents of 10-30 kg C m?
whereas other borea wetlands, namely in the Canadian shidd and the arctic circle in Eurasiag,
have in most cases SOC >30 kg C m?. The temperate zone has numerous regions with high wet-
land abundance, eg. Eastern US and Eastern Europe, but SOC vaues in these wetlands rarely go
beyond 20 kg C m2.

Tropical/ sub-tropica America Carbon stocks are primarily located within two wetland
continuums in South America, i.e. one longitudind bt of wetlands aong the Amazon and one
latitudina belt ranging from the Rio de la Plata estuary to Bolivia The subtropica regions of the
American continent contain pronounced hot spots of wetland carbon (Rio de la Plataplains,
Florida) with SOC values >12 kg C m? that are characterized by high carbon concentrationsin
the lower soil layers.

Africas Wetland carbon stocks are scattered over the entire equatoria belt of Africa, with
carbon hot spots occurring mainly ininland valeys. SOC vaues in wetlands aong the upper
Nile, Congo and Zambesi rivers reach locally >16 kg C m2.

Tropica/ sub-tropical Asa Wetland carbon stocks are concentrated in South-East ASan
coastal areas. Wetlands in the Indonesian archipelago have the highest SOC vaues (in some
cases > 30 kg C m?) of dl tropica wetlands. With the exception of the Mekong Delta, the tropi-
cd and sub-tropica regions of continental Asia contain remarkably low wetland carbon stocks.
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8. Greenhouse Gas Emissions and Carbon Sequestration

8.1 Sources and Sinks

The role of wetland-borne fluxes of carbon in the globd carbon cycle is poorly under-
good, and more information is needed on different wetlands types and their functioning as both
sources and sinks of greenhouse gases. Conceptudly, wetlands may affect the atmospheric car-
bon cydein four ways:

Firgly, many wetlands, particularly borea and tropica pestlands, are highly labile car-
bon reservoirs. These wetlands may release carbon if water levels are lowered or land manage-
ment practices result in oxidation of soils Likewise, increasng temperatures could mdt perma-
frost soils and subsequently emit methane hydrates entrapped by these wetlands.

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

Thirdly, wetlands are intricatdy involved in horizonta carbon trangport pathways
between different ecosystems. Wetlands are prone to trgp carbon-rich sediments from watershed
sources, but may aso release dissolved carbon through water flow into adjacent ecosystems.
These horizontd trangport pathways may affect both sequestration and emission rates of carbon.

Fourthly, wetland soils produce the greenhouse gas methane, which is regulaly emitted
to the atmosphere even in the absence of climate change.

The net carbon sequestering versus carbon release roles of wetlands are complex and
change over time. Gradua net sequedtration occurs over time for peetlands and certain other
types of wetlands. Due to their anaerobic character and low nutrient availability, pestland carbon
stocks increase continuoudy. Gorham (1991) estimates that bogs absorb globaly about 0.1 Gt C
yrl. Wojick (1999) gives a range for globad C-sequestration in peatlands and other wetlands
from 0.1 to 0.7 Gt C. In contragt, totad carbon emissons from the converson wetlands to
agricultural land is estimated to range between 0.05 and 0.11 Gt C yr'* (Mdtby and Immirzy,
1993).

Comprehensive assessments of the source and snk potentid of wetlands reclamation
should include the net-emissons of carbon dioxide, methane and nitrous oxide (the laiter being
excluded in this study dedling with carbon compounds only). Wetlands are the largest source of
methane due to a large area and anoxic conditions occurring in their flooded soils in combination
with high rates of primary production (Bartlett and Harris, 1993). Recent estimates derived from
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inverse modeling of atmospheric methane digtribution indicate a source srength of 145 + 30 Tg
CH; yr! (Ldieveld et d., 1998) corresponding to app. 25 % of al methane sources. Table 4
gives an overview of the various regiond estimates of wetlands areas and the amount of methane
(CHy) emitted from them.

Table 4: Regional Wetlands Areas and Associated Methane Emissions from Various Studies

Tropical Temperate Boreal/Arctic Global
References Remarks
Area  Emiss. Area  Emiss. | Area  Emiss. | Area Emiss.
Mha TgCH,; | Mha TgCH; | Mha TgCH,; | Mha TgCH,
yrt yrt yrt yrt

Aselmann & 210 45 110 11 240 25 570 80

Crutzen, 1989

Bartlett et al., 200 55 60 17 270 39 530 111

1990

Funget dl., 200 71 60 12 270 32 530 115

1991

Bartlett & 200 66 60 5 270 34 530 105

Harriss, 1993

Matthews and 200 34 60 1.2 270 65 530 111

Fung, 1987

Caoeta., 200 55.2 60 13.8 270 21.8 530 92 Process model

1996

Heinetd., 100 87 - 45 232 Inverse modeling

1997 +27

Seiler & 38 47

Conrad, 1987 +17 +22

Khalil and 90 * 66* 156 Peatlands only,

Rasmussen, *temperate

1983 included in boreal

Sebacher et al., 450-  45-106 Peatlands

1996 900 only

Crilletd., - 72

1988

Mooreet al., 150 14-19 Fensonly

1990

Ritter et al., 730 44 Tundraonly

1992

Whalen & 730 14-42* Tundraonly,

Reeburg, 1992 26-78" estimates for
24-67°¢ 19872, 1988,
69-135¢ 1989¢, and 1990°

Christensen et 2013 Tundraonly

a., 1996

Reeburgh et 730 5.5-5.8 Dry tundraonly

a., 1998

Lelieveld et d., 145 + Inverse modeling

1998 30

Drainage of wetlands during converson to agriculture or forestry generdly results in a
loss of carbon, as soil organic matter previoudy stored under anaerobic conditions is aerated and
exposed to amospheric oxygen. In many cases, the organic carbon stores that had accumulated
dowly over centuries to millennia can be lost in days (in the case of burning) or over decades
(IPCC 2001). Rates of carbon loss are often inferred from changes in the surface elevation of the
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peet layer. Careful andyss, however, shows that physica compaction of pest, if unaccounted
for, may cause subsidence without carbon loss (Minkkinen and Laine, 1998). Loss of anaerobic
conditions near the wetlands surfaces dlows greater oxidation of produced methane. Drainage of
wetlands decreases methane emissons to zero, in some cases even consuming smdl amounts of
methane from the amosphere. Roulet and Moore (1995) reported, however, that decreases in
methane emisson from the draned wetlands themsdves might be offsst (in some cases
completdly) by increased methane emissons from standing water in the ditches used to promote
drainage.

Kaamir-Klemedisson et d., (1997) examined the net effect of agriculturd development
on greenhouse gas (GHG) emissons from temperate wetlands in Europe. The converson of
bogs and fens to different cropping types led to five- to 23-fold increases in COq-equivdent
emissons, with a large increase in CO, emissons dominaing over a drop in CH; emissons. In
creases in N2O emissons have dso been observed in drained organic soils (Kasimir-
Klemedtsson et d., 1997), dthough few data are available.

Climate change is likdly to affect the ability of wetlands to emit methane and to sequester
carbon, but the results will vary for different wetlands types and are difficult to predict.
Increased CO; in the amosphere will result in higher primary productivity in mog, if not dl,
wetlands. As for other biomes, this 'CO,-fertilization' effect could enhance the standing stock of
carbon in the ecosystem. On the other hand, wetlands rice fields have been shown to emit nore
methane under higher CO, exposure (Ziska et a., 2000), and it seems reasonable to assume a
pardld trend for naturd wetlands as well.

Increased temperatures may result in increased evapo-transpiration and may thus de-
crease ground-water and surface water levels in many wetlands. The combined effect of lower
water levels and higher temperatures may stimulate decomposition and threaten the existence of
many wetlands ecosystems. Sealeve rise may have equdly negdive effects on freshwater and
coastal- zone ecosystems.

Probably the most drastic feed-back process of climate change may stem from the in-
cresse in bored temperatures. The subsequent north-bound migration of the tundra wetlands
ecosysems entails a thawing of permafrost wetlands. Permafrost presently covers gpproximeatey
25 percent of the earth's land area and contains vast amounts of biogenic methane that is trapped
in shalow ice. A reduction in ared extent and depth of permafrost — or even a spatid shift —
could lead to a sudden release of the greenhouse gas methane into the atmosphere. The current
goproximation of the amount of methane stored in permafrog is over 5000 Tg in the ice portion
done (IPCC, 1992).
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8.2 Net Balance of Greenhouse Gases

Derived from Table 4, average CH4 emission rates for wetlands are in the order of 200 kg
CH; ha' yrl. Given the higher globd waming potentid for CHs, (i.e the ability of one
molecule CH,4 to trap heat exceeds that of CO, by a factor of 21 (IPCC 1998), this emisson
would compensate a carbon sequestration of 4.2 t CO, hal yr'?, corresponding to 1.5t C hat yr.
This vaue is dightly higher, but dill in the same order of magnitude of what can be derived as
average carbon sequestration. Based on the Wojick (1999) estimate of 0.1 to 0.7 Gt C yr?t
sequestered globally by wetlands, carbon sequestration per area is likely to be 0.2 to 1.4 t C ha't
yr! (based on Mathews and Fung's globa estimate of app. 500 Mha wetlands). Due to the
counterbalancing of methane emisson by carbon sequedtration, pristine wetlands should be re-
garded as areatively smdl net source of greenhouse gases.

When pedtlands are drained, minerdization processes dat immediately, and result in
emissions ranging between 2.5 and 10 t C ha! yr! (Matby and Immerzi, 1993). Mean carbon
densities in wetland soils shown in Table 3 are in the range from 210 to 700 t C ha'l; whereas the
carbon pool in the vegetation mass is estimated to be in the order of 50 t C ha™* (acc. to WBGU
(1998)). The emisson of the soil and vegetation carbon pools through wetland destruction would
thus compensate for 175 to 500 years of methane emission from the same area (given the carbon
equivdent of 1.5t C hal yr! for methane emission, see above). This computation does not take
into account carbon sequestration that largely compensates the net emisson of greenhouse gases
from prigtine wetlands. In turn, emisson from the soil carbon pool through wetland destruction
would account for severd thousands of years of the net GHG emisson of prigine wetlands.
Subsequently, the role of wetlands in globd cdlimate change is mainly determined by the future
development of wetland areas, whereas actud emissons from prisine wetlands (i.e. methane
emisson vs. carbon sequedtration) play only aminor role.

It is yet uncetan if the consarvation of wetlands will ever be fully integrated into
internationa trading schemes of emisson certificates as envisaged in the Kyoto Protocol. The
Kyoto mechanisms were conceived to fund the mitigation of GHG sources, eg. to introduce
solar energy and to use fossl fud consumption as a basdine to compute net emisson savings.
However, the Kyoto Protocol does not award the mere cessation of a GHG source such as
deforestation, because it will be hard to judtify the destruction of the natural resource base as a
plausble and universdly accepted basdine. The Kyoto mechanisms adso gpply to GHG snks,
regarded as a potentiad funding source for new and restored wetlands (Wylynko, 1999).
However, the net sink capacity of new wetlands is thwarted by emissons of the GHG methane.
Therefore, management drategies should primarily am a increesng the carbon pool a given
wetland area and thus, given methane emisson. Even if trading of emisson cetificates may
become an established pathway to fund restoration of degraded land, this mechanism can only be
gpplied to those wetlands with high (verticd) carbon sequestration potentid.
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8.3 Management Strategies for Protecting Carbon Reservoirs and Carbon
Sequestering Capabilities

Wetlands conservation and their sustainable use as naturd habitats should be included in
nationd and internationa management drategies that prevent destruction, degradation, frag
mentation, and pollution of the natural resource base. Many other activities such as naurd re-
sources management, legd reforms and their implementation, advocacy, capacity building,
education and public-awareness rasng could greatly reinforce the wetland conservation effort.
An additiond mitigation drategy is the restoration of degraded wetlands and the creation of
human-made wetlands ecosystems, which could augment some of the wetlands environment
functions (e.g. water quality improvement and flood control) (Kuder and Kentulla, 1990).

Enhancing carbon resarves in wetlands in the context of climate change is consgtent with
reducing greenhouse gas emissons from the wetlands and restoring their carbon reserves. De-
gradation of wetlands and disturbance of its anaerobic environment leads to a higher rate of de-
composition of the large amount of carbon stored in it and thus augments greenhouse gas emis-
gons to the atmosphere. Therefore, protecting the wetlands is a practicd way of retaining the
exising carbon reserves and thus avoiding emisson of CO, and greenhouse gases. With the
ever-increasing population pressure and devated food demand, the globa wetlands are under
ggnificant threats. Due to the changes in land use, over exploitation, dranage and severd
anthropogenic activities and natural processes the wetlands physico-chemicd as wdl as bio-
logica conditions are often disturbed, and these disturbances lead to rapid loss of carbon from
organic soils.

Consarvation of wetlands could be more effective if the climate change issues are dso
well controlled. An ‘ecosystem approach’! to manage and conserve wetlands could be an
efficient tool for the future conservation of wetlands. Proper education and dissemination of
knowledge about the ‘wise use of wetlands is necessary to protect wetlands from further de-
gradation and the loss of carbon stock from them to the atmosphere. Measures should be taken to
dop the inflow of any organic resdues from any source to the wetlands and to maintain the
anagrobic condition of the soils. Wetlands have a large organic carbon stock, which could be
preserved by proper conservation practices. Re-flooding of previoudy drained wetlands could
lead to the sequedtration of large amounts of CO, from the atmosphere (Batjes, 1999). If wet-
lands are not preserved or mantained properly, these ecsoysems could switch from being net
snks of carbon to becoming sources of greenhouse gases that accelerate climate change. More
information on specific wetlands types and their role in regulaing globa dimate (CO;
sequestration vs. CH; emisson) is needed to devise thorough management plans.
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9. Conclusions and Recommendations

The ‘wise use concept of the Ramsar Convention on Wetlands and the idea of
‘sudainable use from the Rio Declaration on Environment and Development both advocated the
same message of ‘good management’ by utilization of the avalable resources in ways that keeps
them available for future generations. Chapter 10 of the Rio Declaration ducidated the issues
and challenges, and the ways to tackle them. These principles are very much relevant to wetland
management and conservation. There is a no doubt about the importance of wetlands in the life
of humans and the ecosystems we thrive on. The plethora of wetland definitions and
classfication sysgems is an indicaion that how diversfied and complex the wetland ecosystem
Is. Lack of consensus regarding a standard definition of wetland has caused much confusion and
debate among the researchers and policy makers in distinguishing wetlands from other lands.
There is a pressing need for a well-accepted standard definition of wetlands and of criteria for
identifying wetlands of various types.

A broad consensus now exigts that wetlands are important reservoirs of carbon in ther
above-ground biomass, litter, peats, soils and sediments. But there are wide variations whenever
these reservoirs are quantified. This study examined those uncertaintiess We believe a more
redricted and location specific Ramsar definition of wetlad could help to resolve the long-
lasting uncertainties and the disagreements among scientists as well as policy makers.

This sudy on wetland areas and their organic C dendgty didributions provides a clear
picture of the range of organic C contents in he wetlands of particular geographica locations in
the world. The joint display of globa wetland resources and soil organic carbon may be useful in
deviang a long-term wetlands-conservation drategy. Estimating the net carbon sequedtration
potentil of a wetland is difficult because the decompostion rate of organic metter, the
prevalence of methanogenic microorganisms and the fluxes from the sediment are extremdy
complex and there are often gaps in rdevant scientific knowledge. Our collated information on
the wetlands area and dendty didribution of soil organic C in globd wetlands could wdl be
indrumenta in determining efficient drategies related to carbon sequestration and greenhouse
gas mitigation in wetland ecosystems.

The information base on the aed extent of wetlands has improved dgnificantly over
recent years, thanks mainly to new techniques in remote sensng and GIS. Smultaneoudy, the
knowledge base on soil carbon stocks has been substantiated through rigorous efforts to compile
globd soil maps. This discusson peper confirms the globa sgnificance of wetland carbon
sorage. More than 100 Gt C in the soils done is a szable amount that could drasticaly increase
the carbon stock in the amosphere (currently app. 720 Gt C) when emitted through destruction
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of the wetland resources. Moreover, wetland ecosystems also store carbon in their vegetation
(app. 15 Gt C; WBGU, 1998) that will be emitted concurrently.

The informaion on wetlands and soil organic cabon may be used to derive region
specific research and conservation projects on the hot-spots of carbon stocks. Knowledge of the
location, digtribution and character of natural resources, their values and uses, and the thrests to
them is an essentid bagis for environmentaly sound development. Wetlands are crucid lands
cape dements, especidly for hydrology and biodiversty. Moreover, wetlands represent one of
the largest terrestrid reservoirs of carbon. Further destruction of wetlands would entail large
emissons of the greenhouse gas carbon dioxide. There is broad agreement that certain types of
wetlands contain large historic, reservoirs of carbon in the above-ground biomass, litter, pests,
soils and sediments. It is aso understood that land management practices such as drainage may
cause the release a least a portion of the stored carbon. All that 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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