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Summary
Globally very significant GHG benefits can accrue by avoiding peatland degradation and by
actively restoring peatlands. This report addresses the question whether the results of such
actions are measurable, reportable and verifiable.
The practice-oriented proxy methodologies currently under development in Europe and SE
Asia (based on water level, vegetation, and subsidence) are critically discussed with respect to
feasibility and costs. It is concluded that – whereas further development is necessary and is
being pursued in running research and implementation projects – these methodologies will
enable cost-effective and reliable baseline setting and monitoring of GHG emissions. This
will allow inclusion of peatland conservation and rewetting in a post-2012 climate framework.

Introduction
The Bali Action Plan calls for climate mitigation actions that are measurable, reportable and
verifiable (MRV). This implies that it must be possible for the results of individual actions to
be quantified and – together with the methods of assessment – to be reported in a consistent
and transparent way. Appropriate verification (by third party review) is important to build
confidence among Parties and to ensure that adequate information is available to assess
progress against the objectives of the UNFCCC.
In comparison to industry (with emission assessment via fuel input and standard technology)
or forest management (with well-tried methodologies for estimating wood increment), the
assessment of GHG fluxes from peatlands seems to be complicated. This relates to
• the general unfamiliarity with peatlands,
• the large diversity of peatlands and climatic conditions under which they occur,
• the spatial heterogeneity of sites, incl. varying peat thickness and land use,
• the various greenhouse gases involved with their divergent reactions,
• the transient dynamics of emissions upon land use change, and
• the variability of parameters (weather, water level, vegetation growth, land use...) that
control GHG emissions over the year and between years.
This report discusses the possibilities of measuring, reporting and verifying emission
reductions from peatlands: Is it possible, what are the methods, what is their reliability, and
what can be said about the costs?
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1. Why emission reduction from peatlands?
Peatlands are the most carbon-dense ecosystems of the terrestrial biosphere. The Giant
Conifer Forests in the Pacific West of North America – with the highest trees in the World –
come in second place, holding only half of the carbon stock of an average peatland per unit
area. Covering merely 3% (4,000,000 km2) of the World’s land area, peatlands store 550 Gton
of carbon in their peat soil, i.e. twice as much as the total global forest biomass (Parish et al.
2008). This huge carbon stock of peatlands is maintained by wetness. Natural peatlands are
always wetlands. When peatlands remain wet, the peat carbon is conserved virtually forever.
Drainage of peatlands by land use (agriculture, forestry, deforestation, peat extraction…) can
lead to significant emissions of GHGs for many decades, because the enormous peat carbon
pool is gradually but continuously tapped. Fig. 1 shows an example for the conversion of
rainforest to oil palm plantation that contrasts mineral with organic (peat) soils.
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Fig. 1: Effect on carbon stocks of
conversion of a tropical rainforest to oil
palm plantation on organic (black) vs.
mineral soil (grey). Assumed carbon
stocks for tropical rainforest on mineral
soil: 165 t C/ha aboveground biomass, 60
t C/ha belowground biomass, 60 t C/ha
soil carbon (IPCC 2006); for oil palm an
initial biomass of 15 t C/ha is assumed,
increasing linearly to 45 t C/ha in a 20 year
old plantation and reduced to 15 t C/ha
after
harvest
in
year
25
(www.mpoc.org.my).
Mean
standing
biomass thus amounts to 32 t C/ha over
the 25 year period. Clearance after 25
years is assumed not to involve fire.
Assumed carbon content of organic (peat)
soils is 2000 t C/ha (mean peat depth 4 m
[cf. Jaenicke et al. 2008]; bulk density 0.1
g/cm-3; carbon content 50%); emissions
are conservatively estimated at 12 t
C/ha/yr (Couwenberg et al. 2009). 25
years after conversion, carbon losses from
plantations on organic (peat) soils are
more than 3 times higher than from
plantations on mineral soils, with the
losses from peat soil continuing.

Next to sequestering CO2, natural peatlands emit methane (CH4). This emission depends on
water level, being practically zero at levels lower than 20 cm below surface, but relevant at
higher water levels (Couwenberg et al. 2009). The combined effect of CO2 and CH4 fluxes
leads to a radiative forcing of pristine peatlands that– dependent on peatland type – is slightly
positive or slightly negative on the 100 yr timescale. On the long run, all natural peatlands are
climate coolers (cf. Frolking et al. 2006).
N2O emissions from peatlands are generally restricted to water levels below -20cm. An
important factor is land use: on drained peatlands in the temperate zone 2 – 9 % of the applied
fertilizer N is emitted as N2O, i.e. a larger proportion than on mineral soils (Couwenberg et al.
2008, 2009).
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When peatlands are drained, CH4 emissions decrease and CO2 and N2O emissions increase.
This leads to net emissions from oxidizing peat of 10 up to possibly 100 ton CO2-eq. per ha
and year. Drainage associated fires increase these emissions substantially. Total global
emissions from drained peatland amount to over 2,000 Mtons of CO2 annually (Table 1).
Table 1: Global CO2 emissions from drained peatlands (changed after Joosten & Couwenberg 2008)

Drained peatlands in SE Asia
Peatland fires in SE Asia
Peatland agriculture outside SE Asia
Urbanisation, infrastructure
Peat extraction
Boreal peatland forestry
Temperate/tropical peatland forestry
Total

Drained area
(Mio Ha)

CO2 emission
(ton ha/yr)

Total CO2 emission
(Mton/yr)

12

50

30
5

25
30

12
3.5
63

1
30

600
400
750
150
60
12
105
2,077

Peatland rewetting reduces the emissions from drained peatland: CO2 and N2O emissions
strongly decrease, whereas CH4 emissions increase but generally less substantially. In cases
that abundant fresh biomass (crops, mellow grass) is flooded, CH4 emissions may increase to
such an extent that the climate effect of CO2 and N2O emission reduction is annihilated. This
is caused by dying off of non-wetland plants, producing copious rotting material. These
‘transient dynamics’ are of limited duration as the availability of easily degradable fresh
biomass strongly decreases when wetland plants have re-established. On the mid- and longterm, rewetting of peatlands may therefore be expected always to lead to a net reduction of
climate relevant emissions from the peat body compared with the drained baseline (Joosten &
Augustin 2006).
Three management strategies are meaningful with respect to peatland GHG fluxes:
1. Conservation: conserving the peat carbon stock,
2. Sequestration: maintaining/restoring net carbon sequestration capacity, and
3. Substitution: substituting fossil materials by renewable biomass.
Conservation management aims at conserving the existing peat carbon pools. In this respect
it is important to recognize a fundamental difference between forests (where the biomass
constitutes the major carbon pool) and peatlands (where the major C pool is the soil).
Reducing the rate of peatland drainage leads still to an increase of emissions (Fig. 2).
Absolute reductions in emissions can only be achieved by reducing the total area of drained
peatlands, i.e. by conserving the natural peatlands and simultaneously rewetting already
drained peatlands (Table 1). Strategic rewetting of 30% (20 Mio ha) of the world’s drained
peatlands could lead to an annual emission avoidance of almost 1,000 Mtons CO2 per year.
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yearly emissions

Fig.
2:
Yearly
emissions
from
deforestation vs. peatland drainage.
Decreasing the rate of deforestation by
half results in 50% lower yearly emissions
(black solid) compared to the baseline
(grey solid line). In contrast, decreasing
the rate of peatland drainage by half
(black dashed line vs. grey dashed
baseline) still results in increased yearly
emissions as areas drained in previous
years continue to emit. Although
deforestation results in higher immediate
emissions on an area basis, emissions
from peatland drainage are cumulative
and surpass those of deforestation within
decades, or only a few years if peatland
fires are taken into account.

time

Sequestration management aims at increasing the peat carbon stock. Some 75% of the global
peatlands are still pristine; they accumulate new peat removing and sequestering 200 Mtons
CO2 per year (Parish et al. 2008). Strict protection of these peatlands is critical for
maintaining this capacity. Rewetting 200,000 km2 of drained peatlands (see above) would – if
peat accumulation is restored over half of that area – result in an additional long-term CO2
sequestration rate of 10 Mtons per year.
Substitution management aims at replacing fossil resources (for energy and raw materials) by
renewable biomass. Using biomass from drained peatlands is climatically counterproductive,
as in general more CO2 is emitted from oxidizing peat than sequestered by the useful biomass
produced (Couwenberg 2007). Biomass harvesting from wet peatlands may, in contrast, lead
to important climate benefits. Paludicultures (= wet agriculture and forestry, Wichtmann &
Joosten 2007) implemented on 100,000 km2 of rewetted, formerly drained peatland may
substitute 100 Mtons of CO2 emissions from fossil resources annually.
These figures show that globally very significant GHG benefits can accrue by avoiding
peatland degradation and by actively restoring peatlands. This is a strong argument for
including peatland conservation and rewetting in a post-2012 climate framework.

2. Measuring emissions
Emission reductions must be quantifiable. The most obvious thing would be to measure on the
project site all GHG fluxes (emissions and removals) that occur before, during, and after the
intervention. Indeed, adequate techniques exist to measure these fluxes in detail. The chamber
method, for example, enables measurements on the scale of a few dm2 up to one m2, whereas
eddy-covariance allows assessing GHG fluxes over larger areas (typically 1 km2).
GHG fluxes are dependent on a wide spectrum of site parameters that vary strongly over the
year, including water level, temperature, vegetation growth and actual land use. Assessing
annual GHG balances therefore requires highly frequent and prolonged observations to catch
daily and seasonal variability. A sufficiently dense net of observations is necessary for the
chamber method to cover the often fine-scale spatial patterns that are so typical for natural
and degraded peatlands. And if we really want to assess the effects of the mitigation measures
in terms of average annual GHG fluxes, the observations have to cover several complete years
to reduce the effect of inter-annual differences in weather.
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These requirements and the laborious and technically complex measurement make the
methods too expensive for standard monitoring. In practise, direct measurements are only
feasible for selected pilot sites to develop, calibrate and verify models that are sufficiently
detailed, substantiated, and consistent to allow for reliable estimates. Emissions from other
sites must then be assessed by applying these models. For reasons of practicality and
verifiability (reproducibility) the models must have simple input parameters, i.e. must be
based on simple indicators. It is here that the proxies come in.

3. Dealing with proxies
As GHG fluxes are difficult and expensive to measure directly, indirect methods – via so
called proxy variables or ‘proxies’ – are used for assessing the fluxes. A proxy is something
that in itself is not of interest for the question involved, but the variable of interest can be
deduced from it. To be reliable, the proxy variable must have a close correlation with the
variable of interest.
Also in climate politics the most important variables - GHG fluxes – are often addressed via
proxies. A well-known proxy is carbon stock change. We use carbon stock changes to
estimate CO2 fluxes from vegetated land, where simultaneous uptake of CO2 by
photosynthesis and emission of CO2 by respiration of plants, animals, and microbes make
assessing net CO2 fluxes complicated. Instead of measuring all fluxes to and fro, it is simpler
to determine the change in carbon stock, which integrates all fluxes over longer time.
Whereas carbon stock change can thus be seen as a proxy for CO2 fluxes, the stocks
themselves are also not directly assessed. In forests, for example, we estimate the average
increase in wood volume (m3/ha/yr), multiply by the average C- content of wood and use the
C-to-CO2 conversion factor of 44/12 to estimate the volume of sequestered CO2 (ton/ha/year).
The increase in wood volume is again approached by calculating – for example – the average
increase in stem diameter at breast height (DBH) (cm/yr) of a sufficient large sample of trees.
Using DBH increase as a proxy for CO2 removal from the atmosphere is only possible when
thorough statistical analysis has revealed a good correlation between the parameters.
With respect to forests these links are well known, because foresters have already for
centuries been developing proxies for estimating the economically important wood increment
in a simple and reliable way. Moreover, the link between wood increment and CO2 removals
is not fundamentally different from the link between burning fossil fuels and CO2 emissions.
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4. Proxies for peatland GHG fluxes
For peatlands the links are less evident. Of course, burning peat is not fundamentally different
from burning other fossil fuels. But the relations between agriculture on organic soils on the
one hand and CO2 emissions on the other, or between peatland rewetting and CH4 emissions
are less obvious. ‘Land use’ has from the beginning of climate politics been deterrent because
of its complexity, and peatlands – with their enormous carbon pools and their cocktail of
greenhouse gases – were often conceived as a real nightmare.
Land use on peat soils involves only a limited set of greenhouse gases compared to industrial
processes and peatlands are not more diverse than forests or the many types of manufacturing
industries a country has to report on. Research has furthermore shown that peatlands all over
the world have many similarities with respect to their GHG behaviour. And even when
peatland related emissions were more complicated, their enormous importance for the climate
should inspire more effort.
Peatlands are unknown and therefore unloved, and they are unloved and therefore unknown…
Peatlands have until recently suffered from the ‘Cinderella syndrome” (Lindsay 1992) and the
development of proxies for measuring and monitoring peatland GHG emissions has only just
started. But progress is rapid.
Three parameters are currently emerging as suitable proxies:
1. Water level
2. Vegetation
3. Subsidence.
Meta-analyses of a large amount of data from various parts of the world have revealed that
mean water level is the best explanatory variable for annual GHG fluxes (Couwenberg et al.
2008, 2009). This is clearly the case for CO2 emissions that are high with low water levels and
low (and negative in case of peat formation) with high water levels. Fig. 3 shows this relation
for mainland Western Europe.

Fig. 3: Relation between mean water level below surface and annual CO2 fluxes from
peatlands in mainland Western Europe (Verhagen et al. 2009).
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Also CH4 shows a clear relationship with water levels (Fig. 4). Water levels of more than 20
cm below surface show negligible emissions, whereas values rise steeply with water levels
above -20cm. The variation in measurements is, however, rather high, with very low values
still occurring at higher water levels. Extra-tropical sites with high water levels but low
emissions lack plant species with coarse aerenchyma (so-called ‘shunt species’, Couwenberg
et al. 2008). Water levels above the surface are again associated with lower CH4 emissions.
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Fig. 4: Hourly methane emissions from
tropical peatswamp soil (top) and from (∆)
boreal and (□) temperate sites (bottom).
Note the fivefold difference in scale
(Couwenberg et al. 2009).

A more sophisticated methodology using vegetation as GHG proxy is currently being
developed for major peatland rewetting projects in Central Europe. This approach is also
based on the strong correlation between GHG emissions and mean water levels, but uses
vegetation as indicator of water level and therewith as a proxy for annual GHG fluxes.
This is possible with a vegetation classification approach that integrates floristic and water
level characteristics. The approach (the ‘vegetation form’ concept) departs from the
observation that in an environmental gradient (e.g. from dry to wet) some species occur
together, whereas others exclude each other (Fig. 5).
environm. gradient
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environm. classes
subunits
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1

2
2
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Fig. 5: The presence and absence of species groups provides a much sharper
indication of site conditions (in our case water level classes) than individual
species (Koska et al. 2001).
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The co-occurrence (and absence) of specific species groups reflect water levels much sharper
than individual plant species can do (cf. the well known Ellenberg indicator values for central
Europe).
Vegetation is well qualified as a proxy for GHG fluxes because it
• reflects longer-term water level conditions and thus provides indication on the relevant
time scale (GHG fluxes per ha per yr),
• is controlled by the same factors that additionally determine GHG emissions from
peatlands (nutrient availability, acidity, land use…),
• is itself directly responsible for part of the GHG emissions by the quality of organic matter
it produces (incl. root exudates) and by providing possible bypasses for increased methane
emission via aerenchyma (‘shunt species’),
• allows fine-scaled mapping, e.g. on scales 1:2,500 – 1:10,000.
The disadvantages of using vegetation as a proxy are:
• its slow reaction on environmental changes: it may take 3 years or more before a change
in mean annual water level is sufficiently reflected in a change in vegetation composition,
• the necessity to calibrated the approach for different climatic and phytogeographical
conditions.
The concept has been developed for peatlands in Northeastern Germany (Couwenberg et al.
2008, Table 2,) and is currently being verified, calibrated and updated for use in large
peatland rewetting projects in Belarus (Tanneberger et al. 2009).
Table 2: Selected NE-German vegetation types and their indication value for water level (WL) classes,
CH4 and CO2emissions, and total Global Warming Potential GWP (all expressed in CO2-eq., N2O
excluded, Couwenberg et al. 2008).

Vegetation type
Sphagnum-Carex limosa-marsh
Sphagnum-Carex-Eriophorummarsh
Drepanocladus-Carex-marsh
Scorpidium-Eleocharis-marsh
Sphagnum-Juncus effusus-marsh
Equisetum-reeds
Scorpidium-Cladium-reeds
Sphagnum-Phragmites-reeds
Solano-Phragmitetum
Rorippa-Typha-Phragmites-reeds
Bidens-Glyceria-reeds
Red or green Sphagnum lawn
(optimal)
Green Sphagnum hollow
Polytrichum-lawn

Typical/differentiating
species

WL
class

CH4

CO2

GWP
CO2-eq

5+

12.5

<0
(±0)

12.5

5+

10

<0 /
±0

10

5+

5

-2

3

5+
5+

10
2

-2
<0

8
2

Sphagnum recurvum agg., Carex
limosa, Scheuchzeria
Sph. recurvum agg., Carex nigra, C.
curta, Eriophorum angustifolium
Drepanocladus div. spec., Carex
diandra, Carex rostr., Carex limosa Carex dominated
Scorpidium, Eleocharis quinqueflora
- Carex (shunt) dominated
Juncus effusus, Sphagnum recurvum
agg.
Equisetum fluviatile
Cladium, Scorpidium
Phragmites, Solanum dulcamara
Scorpidium, Eleocharis quinqueflora
- Phragmites + Solanum without
Urtica-gr.
Typha latifolia, Phragmites, Rorippa
aquatica, Lemna minor
Glyceria maxima, Berula erecta,
Bidens tripartita, B. cernua
Sph. magellanicum, Sph. rubellum,
Sph. fuscum, Sph. recurvum agg.
Sph. cuspidatum, Scheuchzeria
Polytrichum commune
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Also subsidence, the loss of peatland height, looks promising as a proxy for GHG emissions,
especially in the tropics. A methodology based on subsidence is currently being developed by
the Australian AusAID Kalimantan Forests Carbon Partnership.
Whereas subsidence is also a function of the original peat type (degree of decomposition;
mineral content), fire history, fertilizer regime and several other factors, water depth is again
the most important factor. Subsidence rates reveal a linear relationship with mean water level.
Subsidence in SE Asia increases by 0.9 cm a-1 for each 10 cm of additional drainage depth
(Hooijer et al. 2006, Couwenberg et al. 2009, Fig. 6). Rates are different in other parts of the
world.
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Fig. 6. Rate of subsidence in relation to mean annual water level below surface
(Couwenberg et al. 2009). Horizontal bars indicate standard deviation in water table
(where available). Open circles denote unused, drained forested sites, these were not
taken into account in the regression that applies to water levels ≤50cm below surface
only (slope = -0.09, r2 = 0.95). Land use: (□) agriculture, (●) oil palm (recorded 13 to
16 or 18 to 21 years after drainage), (●) degraded open land in the Ex Mega Rice
Project area, recorded ~10 to ~12 years after drainage, (○) drained forested plots,
recorded ~10 to 12 years after drainage. Emission values are based on volumetric
carbon content of 0.068 g C cm-3 (cf. Dommain et al. subm.) and a 40% oxidative
component to total subsidence.

In Figure 6 the subsidence rate is translated into CO2 emissions based on the assumption that
40% of total subsidence is attributable to oxidation. The latter is at the lower end of the (wide)
range of 35-100% found in studies from other parts of the world (Couwenberg et al. 2009.).
Further development of subsidence as a proxy of GHG emissions makes an improved
understanding of the relative contribution of mechanical compaction and oxidation to
subsidence necessary. This requires further subsidence monitoring and analysis of peat
characteristics, linked to monitoring of water depth, soil moisture and GHG emissions. Such
research is currently in progress in Sumatra (pers. comm. Aljosja Hooijer and Jyrki
Jauhiainen, April 2009) and planned for Kalimantan.
Subsidence includes water- and airborne losses from dissolved (DOC) and particulate organic
carbon (POC). These POC and DOC losses are governed by land management and lead to
GHG emissions off-site (cf. Raymond & Bauer 2001) that are not covered by direct on-site
gas emission measurement. It may be assumed that the losses will be reduced after rewetting
(Holden et al. 2004).
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One drawback of using subsidence as an emission proxy is that it works well for CO2 losses
from drained peatlands, but less for decrease in these losses under rewetting. After rewetting,
peatlands may show ‘swelling’ because of higher water content. This change in surface height
is then by no means a simple measure for carbon dynamics – as it was in the drained situation.
More research into this issue is thus needed.

5. Monitoring
Peatland rewetting and conservation projects have some special features that are relevant for
monitoring:
First, we are dealing primarily with emission avoidance. This means that establishing a clear
baseline for reference is of importance.
Secondly, peatland occurs in a wide range of land use categories. Forest, cropland, grassland,
wetland and other land uses may all be found on peat soil, i.e. may all be peatland. This is
generally not sufficiently acknowledged. It goes without saying that different land use
categories may require different approaches to reduce GHG emissions and to monitor these
reductions. In a cropland, for example, it makes less sense to use vegetation as an emission
indicator, because plant growth is actively controlled. Land use may furthermore enhance
GHG emissions from peat, for example through plowing (enhancing peat oxidation), Nfertilization (boosting N2O-emissions), or tree removal (affecting hydrology, also in
undrained peat swamps).
And last but not least, we are dealing with large areas and possibly huge amounts of carbon
per ha. The quality of peatland inventories differs strongly between countries and, particularly
for large countries with a large peatland extent (Russia, Canada, USA, Indonesia, Finland),
also within the country.
The distribution, extent and degradation status of peatlands can reliably and rather easily be
assessed on a regional level by remote sensing and limited ground truthing (e.g. Schuman et
al. 2008). For determining peat stocks we have to rely on field mapping inventories, because
practical remote sensing techniques are not yet available (Virtanen 2008). From a monitoring
point of view the latter is not yet a problem, because GHG are emitted (and have to be
monitored) as a function of peatland area, not of peatland depth.
Peat depth is only relevant to estimate the length of time over which emission avoidance can
be credited, i.e. before the complete peat layer would have disappeared in the baseline
situation. In tropical peatlands peat is depleted with a rate of ~0.9 cm/yr for each 10 cm of
additional drainage depth, in subtropical peatlands with a rate of ~0.6 cm, and in temperate
peatlands with a rate of ~0.4 cm/yr (Couwenberg et al. 2009). This means that every presentday drained peatland (defined on the basis of a minimum layer of peat, see Couwenberg 2009)
will remain a net GHG emittor for many years to come. In these years the necessary
additional information on peat depth distribution can be gathered.
As a general rule, the cost of monitoring is related to the desired precision of the GHG flux
estimates. The market value of a ton avoided or sequestered ‘carbon’ will thus determine the
level of precision that is cost-effective. Assessing the effect of peatland rewetting by
comprehensive, direct flux measurements might currently cost in the order of magnitude of €
10000 per ha per yr.
Fortunately, somewhat less accurate proxies provide much cheaper alternatives:
Monitoring GHG fluxes using water levels requires water level data that are frequent in
time and dense in space. This can be brought about by field observations and automatic
water level loggers. On the longer run, cheaper (but with higher initial investments) is the

•
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option of modelling, using weather data as input in a well calibrated non-stationary, threedimensional hydrological model. Remote sensing is not yet suited for monitoring water
levels of drained peatlands directly.
• Vegetation can easily be mapped and monitored in the field. Monitoring by remote
sensing has been tested successfully and is very promising, also in financial terms.
Certainly when satellite imagery with high spatial and temporal resolution is used it will
be possible to reach a high level of accuracy.
• Also subsidence can easily be monitored by field observations, but it is practically
impossible to do that over large areas in regions where annual height losses are only some
millimetres. In tropical peatlands height losses from peatland drainage amount to several
centimetres per year (and even substantially more in case of fire). Here the use of LiDAR
remote sensing to monitor subsidence looks very promising. This approach is currently
being developed in the AusAID – Indonesian Kalimantan project.
All three methodologies allow for immediate baseline setting, because the proxy data for the
present-day situation can already now be mapped. They later can be translated into accurate
ex-ante GHG flux estimates after improved calibration of the proxies.

6. Conclusions
Globally very significant GHG benefits can accrue by avoiding peatland degradation and by
actively restoring peatlands. The practice-oriented proxy methodologies under development in
Europe and SE Asia (based on water level, vegetation, and subsidence) look very promising
for measuring, reporting and verifying emission reductions. They require further
development, however, that is currently being pursued in research and implementation
projects. It may be expected that these (and more?) methodologies will be available for costeffective and reliable baseline setting and monitoring in a post-2012 climate framework. This
will allow inclusion of peatland conservation and rewetting in climate policies.
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