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This paper summarises the results of several research groups participating in the research
programme “Greenhouse Impacts of the use of Peat and Peatlands in Finland”, and
presents emission factors for peat-atmosphere fluxes of CO,, CH,, and N,O, filling gaps in
knowledge concerning the afforestation of organic croplands and cutaways, and improves
the emission assessment of peatlands drained for forestry. Forest drainage may result in net
binding of soil carbon or net release, depending on site characteristics and the tree stand.
Use of peatlands for agriculture (484821 g CO,-eq. m™~ a™'), even after the cultivation has
ceased, or for milled peat harvesting (1948-2478 g CO,-eq. m™ a™') can cause the high-
est overall emissions. Extremely high CO, emissions are possible from peat harvesting
areas during wet and warm summers. Afforestation of those peatlands abandoned from
cultivation or peat harvesting can reduce the warming impact at least during the first tree
generation. Heterotrophic soil respiration may have a systematic south—north difference
in temperature response. More data must be collected before the information on peatland
forest soil CO, emissions can be adapted for different climatic regions in Finland. A test of
the model DNDC against measured data showed that DNDC has to be developed further
before it can be used in estimating N,O emissions from boreal peatlands.
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Introduction

Energy and food production, waste manage-
ment and land use changes all contribute to an
increase in greenhouse gas (GHG) emissions
to the atmosphere. Climate warming, in part
caused by the emissions from land use (Watson
et al. 2001), may increase the risks of seri-
ous environmental hazards. For nations, mitiga-
tion of such risks will require significant reduc-
tions in the anthropogenic GHG emissions. As
a starting point for international collaboration
in the mitigation activities, reliable inventories
of emissions were agreed in the United Nations
Framework Convention of Climate Change
(UNFCCC) in 1992, and in the Kyoto Protocol
thereafter (1997). The inventories should follow
internationally accepted guidance (Houghton
et al. 1997, Penman et al. 2000, Penman et
al. 2003) by International Panel on Climate
Change (IPCC). While the emissions from fossil
fuel combustion for energy production can be
calculated with reasonable accuracy, estimation
of emissions originating from biogeochemical
cycles, disturbed by land use is more challeng-
ing. The IPCC Good Practice Guidance reports
(Penman et al. 2000, 2003) have suggested three
methodological tier levels for estimating emis-
sions and removals. For land use based estimates
Tier 1 employs IPCC default emission factors per
area and usually activity data that are spatially
coarse, while Tier 2 uses the same methodologi-
cal approach as Tier 1 but emission factors are
country-specific and high resolution land area
data are used. Tier 3 uses higher order methods
including models and inventory measurement
systems, and high resolution activity data. Coun-
tries are encouraged to use the two higher tiers in
their inventories, whenever possible.

In Finland, peat comprises the largest soil
carbon (C) store, containing ca. 5.5 Pg C (Mink-
kinen et al. 2002) as compared with the ca.
1.1-1.3 Pg C in mineral soils (Liski and Westman
1997). Mire vegetation binds atmospheric carbon
dioxide (CO,) in biomass. As the plants die, a
part of carbon (and nitrogen) in organic litter
gets deposited in waterlogged conditions as peat,
thereby removing CO, from the atmosphere. On
the other hand, slow decomposition of anoxic
peat produces methane (CH,), another green-
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house gas warming the atmosphere. Mires thus
maintain, in part, the natural atmospheric green-
house gas mixing ratio. Gas fluxes from natural
ecosystems are not reported to the UNFCCC or
the Kyoto Protocol.

Mires have been drained for various land uses,
and the consequent lowering of the water tables
changes the conditions for plants and soil organ-
isms. The primary change is an increase in the
aerated soil volume which changes the decom-
position process and hence the greenhouse gas
fluxes (Trettin et al. 2006). In this document, term
“mire” is used for pristine ecosystems, and “peat-
land” for drained ones. Drained peatlands tend
to emit more CO,, but less CH, than undrained
mires do (Moore and Knowles 1989, Silvola et al.
1996a, Nykinen et al. 1998). On the other hand,
more biomass can be stored in forestry drained
peatlands during the forest succession (e.g. Mink-
kinen et al. 1999), but the question of net carbon
sink or source is more cumbersome (Laiho 2006).
Further, mineralization of organic matter may
stimulate emissions of nitrous oxide (N,0O) from
drained nutrient rich peatlands as demonstrated
by Martikainen et al. (1993).

A major proportion — 5.4-5.7 Mha of the
originally ca. 10.4 Mha — of Finnish mires
have been drained for forestry (Pdivdnen and
Paavilainen 1996, Minkkinen 1999) and 0.7-1.0
Mha for agriculture (Myllys 1996, Myllys and
Sinkkonen 2004), leaving ca. 40% (4.1 Mha,
Finnish Forest Research Institute 2005) und-
rained. Some of the current peat extraction area
(0.06 Mha) has been established on peatlands,
previously drained for forestry, but pristine mires
have also been reclaimed. Cutaway peatlands,
abandoned from industrial peat extraction, have
mostly been prepared for afforestation, for spe-
cial agriculture and energy crops, or returned as
waterlogged wetlands through restoration mea-
sures (Selin 1999).

Much data on peatland gas fluxes have been
collected in two Finnish research programs, both
consisting of research groups from several uni-
versities and research institutes, working under
a common umbrella: The Finnish Programme
on Climate Change (SILMU) funded by the
Academy of Finland in 1990-1996, and the
programme Greenhouse Impacts of the Use of
Peat and Peatlands in Finland in 2001-2005. In
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addition, fluxes in peatlands under agriculture
and forestry have been studied in projects funded
by European Union and the Academy of Finland,
and the Ministry of Agriculture and Forestry
(conducted by Finnish Forest Research Insti-
tute). Because of these research efforts, many of
the Tier 1 default values in the [IPCC Good Prac-
tice Guidance for Land Use, Land Use Change
and Forestry (Penman et al. 2003) for peatlands
derive from Finnish research.

In this paper, Tier 2 and Tier 3 level emission
factors usable in Finnish GHG inventories are
reviewed, and the sources of uncertainty are dis-
cussed. We have collected published data on the
emissions of CO,, CH,, and N,O for the various
categories of peatland use in Finland. Both new
and previously measured data from peat extrac-
tion areas (Ahlholm and Silvola 1990, Nykénen
et al. 1996) are combined here in order to obtain
a more comprehensive understanding on emis-
sions from this land-use category. The methodol-
ogy used here is mostly similar to that in previ-
ous research in Finland by the same research
groups, ensuring a reasonable comparability of
the results.

For the terminology of mires and peatlands,
please refer to e.g., Joosten and Clarke (2002).
The sign convention for the emission factors in
this paper is as follows: The gas emissions and
their combination in CO, equivalents, using the
gas specific GWP coefficients, are shown as pos-
itive values, and removals from the atmosphere
as negative values. The ecosystem’s carbon bal-
ance is referred to as negative when the C store
is decreasing, and positive when it is increasing.

Where the data allows, the role of inter-
annual weather variability in the uncertainty of
the emissions is evaluated using weather simula-
tion tools (Alm et al. 2007). Regional coverage
of the emission factors is discussed. In addition,
the applicability of a process model DNDC to
Tier 3 is examined with test data.

Data from peatland categories
Fluxes of CO, and CH, in pristine mires

The majority of the C balance in pristine mires
comprises of the exchange of CO, and CH,
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between the ecosystem and the atmosphere. The
rates of gas exchange are sensitive to variations
in weather, responding immediately to changes
in irradiation and with varying lags to those in
air and soil temperature and precipitation (Alm
et al. 1997, 1999a, Saarnio et al. 1997, Ket-
tunen et al. 2000). Average long term rate of
C accumulation in Finnish minerotrophic fens
during the Holocene was ca. 17 g C m? a™!, and
in ombrotrophic bogs ca. 21 g C m™? a™!, corre-
sponding to sequestration rate of —-62 g and —77
g CO, m™ a', respectively. Those figures have
been obtained using geological cores and “C
dating (Turunen et al. 2002), and carry the pos-
sible impact of past fires that may locally deplete
a considerable part of peat reserves over the
millennia (Pitkdnen et al. 1999). Gas exchange
measurements give information of C exchange
in terms of CO2 and CH 4 balances, which in turn
can be used in estimation of the present-day C
accumulation rate (Alm et al. 1997, Saarnio et
al. 1997, Saarnio et al. 2007). The very differ-
ent time scales of geologically determined peat
accumulation rates and the annual C exchange
rates estimated from gas exchange make the
comparison difficult.

On an annual basis, both CO, and CH,
exchange show great variability, which is related
to local annual temperature sum and precipita-
tion. There are differences between minerotro-
phic and ombrotrophic mires. According to the
review by Saarnio et al. (2007), CO, balances
from a net loss of =370 g CO, m™” a™' to a net
gain of +359 ¢ CO, m™ a™' have been reported
in minerotrophic mires and from -312 to 246
g CO, m? a™' in ombrotrophic mires, respec-
tively. Similarly, the range of C loss in CH,
emission in the minerotrophic mires has been
1-56 g CH, m?a"', and < 1-21 g CH, m™ a™' in
the ombrotrophic ones. Because the gas fluxes
from pristine mires are considered as zero and
are not reported to the UNFCCC or the Kyoto
Protocol, their gas balances are not tabulated
with those from drained peatlands. The wide
range of annual CO, or CH, balances in natural
mires illustrates the uncertainties in estimates of
the present C accumulation rate. Since peat sur-
face layers are loaded with easily decomposable
organic matter, a temporary lowering of the water
table may cause rapid C losses through oxida-
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tion, and control the quality of organic matter
entering permanently water saturated conditions.
Decomposition of peat and litter constitutes the
largest part of carbon output as CO,, other losses
occur in the form of dissolved organic matter,
which has been estimated at 5-10 g C m™ annu-
ally (Sallantaus 1992, Kortelainen and Sauk-
konen 1994), in possible forest fires (Pitkdnen
et al. 1999), and in erosion. The carbon leached
from peatlands may be released as CO, and CH,
within the receiving watercourses (Huttunen et
al. 2003, Kortelainen et al. 2006).

The key to present and future rates of peat
accumulation is hidden in the variation of
annual scale responses of the mire ecosystems
to climatic forcing. Biomass productivity, in that
respect, seems more stable than decomposition of
fresh organic litter (Shurpali et al. 1995, Vourlitis
and Oechel 1999) as long as the vegetation type
remains unchanged. Thus, the immediate dynam-
ics of decomposition amplify the variation of net
C exchange in mires. Young mires (Clymo et al.
1998) or restored peatlands (Tuittila 2000), if
genuinely waterlogged, may initially accumulate
organic matter with rates far greater than what
will take place at later ages. Dynamics of mire
plant communities guide the rate of ecosystem
CO, assimilation (Riutta et al. 2006). A more fre-
quent occurrence of droughts and simultaneous
high temperatures could enhance the decay of the
fresh litter “reserves” in the topmost peat layers
(Alm et al. 1999a). A sound prediction of present
rate of C accumulation in peat calls for new data
and improved biogeochemical models (Frolking
et al. 2002), that would combine the processes
of auto- and allogenic vegetation succession and
litter decay to climatic forcing through irradia-
tion, temperature and hydrology (Kettunen 2000,
Weiss et al. 2006).

Peatlands drained for forestry

Depending on peatland forest, 160-500 g C m~ a™
of the peat substrate (> 1-year-old organic matter)
is oxidized (Minkkinen et al. 2007a). These fig-
ures exclude the contribution of root associated
respiration (e.g. Silvola et al. 1996b). The soil
losses of CO, are greatest at fertile site types
such as the drained herb-rich type, and lowest at
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less fertile sites, e.g. dwarf-shrub or Vaccinium
vitis-idaea type (Silvola et al. 1996a, Minkkinen
et al. 2007a). With a help of 30 year weather
simulations in Finnish conditions, the average
modelled annual soil CO, release falls between
880-1713 g m™ (Minkkinen et al. 2007a) from
Vatkg (dwarf-shrub) to Rhtkg (herb-rich) types,
respectively (Table 1). The simulated averages
can be used as best estimates of soil respiration
for the respective site quality classes of peatland
forests in the Finnish GHG inventory. Litter from
trees and ground vegetation adds new organic
matter in the rooting zone and on the soil surface
(Laiho et al. 2003). Part of this litter is quickly
decomposed and returned to the atmosphere as
CO,, but a more recalcitrant fraction can remain
in the soil for longer periods of time (Minkkinen
and Laine 1998).

Methane is formed and oxidized in peat-
land forest soils, but the net CH, release rate
is less than 4 g m™ a™! even in high water table
conditions on less fertile drained peatlands. In
successfully forested peatlands, where effective
drainage and evapotranspiration keep the water
level low, net CH, consumption rates up to —1
g m~ a”! have been measured (Minkkinen et al.
2007b). However, Minkkinen and Laine (2006)
have estimated that the CH, emitted from the
ditches compensates for or even exceeds the
observed maximum rate of CH, consumption
—0.82 gm= a! (Table 1) from within the forested
strips. Thus even though drainage greatly dimin-
ishes CH, emissions, most drained peatlands
remain as small sources of CH, when emissions
from ditches are included (Table 1).

Drainage for forestry can stimulate N,O
emissions only on fertile or fertilized sites
(Martikainen et al. 1993, Regina et al. 1996),
but very little data are available from Finnish
conditions. In nutrient-poor bogs N,O effluxes
remain very small (Regina et al. 1996, 1998)
whereas in the most fertile drained pine fens
and spruce mires emissions may rise close to
1 g NJO m? a' (K. Minkkinen unpubl. data).
According to Martikainen et al. (1993), drained
mesotrophic peatlands, comparable to Vaccinium
myrtillus type and herb-rich type, released 0.08
t0 0.22 g N,O m™ a™', respectively. Klemedtsson
et al. (2005) showed that the annual release of
N,O from drained Swedish, Finnish and German
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peatlands has an inverse, nonlinear correlation
with peat C:N ratio. This method would give
means for regional estimation of N,O emis-
sions if peat C:N ratios were known. A regional
sampling for peatland sites in Finland was per-
formed in 2001-2002 by the Finnish Forest
Research Institute (Laiho et al. 2005). The C:N
ratios derived from that database, and the actual
N,O measurements available from peatland for-
ests were used in estimating the potential N,O
emissions from forestry drained peatlands (K.
Minkkinen unpubl. data). The tested C:N ratio to
N,O relationships were comparable to those of
Klemedtsson et al. (2005). Applying the differ-
ent models and regional distribution of forested
peatland site types in Finland from the 10th
National Forest Inventory, the emission estimates
fell between 8.5-15.3 Gg N,O a”',ie. 0.17-0.31
g NJO m? a”'. Half of this amount was emit-
ted from the nutrient rich spruce sites, although
the majority of drained peatlands are originally
relatively nutrient-poor pine mires (Keltikangas
et al. 1986).

Peatlands used for agriculture

Agricultural use of peatland reduces the natural
release of CH, (Nykénen et al. 1995), but induces
considerable and long-lasting emissions of CO,
and N,O. Repeated soil tillage keeps the topsoil
layers in oxic conditions, and enhances hetero-
trophic decomposition and high CO, release rates
(Nykénen et al. 1995, Maljanen 2003a, Maljanen
et al. 2007). A reason for large N,O emissions
is nitrogen fertilization, being decisive in min-
eral soils, but in organic croplands nitrification
and denitrification are mostly supported by the
naturally high peat N content. Fertilization may
enhance the release of N,O from organic soils
(Augustin et al. 1998), and denitrification reac-
tions may benefit from organic substrates as
their energy supply (Maljanen 2003b). The C:N
ratio is low in agricultural peatlands (Regina et
al. 2004, Klemedtsson et al. 2005, Lohila et al.
2007) due to conditions promoting the decom-
position of organic matter. Even though the flux
of N,O shows great sensitivity to weather events,
especially rain showers, the prediction of N,O
emissions on the basis of weather records alone

Table 1. Greenhouse gas emissions with ranges of 30-year simulated (CO,) or annually-integrated observed emissions (CH, and N,O) from organic soils drained for
forestry. The CO, emissions consist of heterotrophic decomposition of peat and > 1-year-old litter. The site types represent different site quality characteristics from poor

(dwarf-shrub) to fertile (herb-rich) types. The regions South and North refer to long-term regions of effective temperature sum below and above 950 dd in Finland (Fig. 1).

N.D. = Not defined. Total CO, equivalent is calculated using conversion over a 100 year time span (GWP[CH,] = 23; GWP[N,O]

296, Watson et al. 2001). " Total CH,

fluxes including estimated ditch emissions (Minkkinen et al. 1997, Minkkinen and Laine 2006) are shown in brackets after the average fluxes from drained strips.

References

Herb-rich type

Vaccinium vitis- Vaccinium
(Rhtkg)

idaea type (Ptkg)

Dwarf-shrub type

(Vatkg)

GHG species

myrtillus type (Mtkg)

Minkkinen et al. (2007a)

CO, (gm2a™)

1713 (1437-1911)

N.D.

1250 (1045-1404)
1749 (1555-2035)

975 (810-1096)

N.D.

880 (719-1001)

N.D.

South avg. (min—max)

North avg. (min—max)
CH, (g m2a™) avg. (min-max)

—0.58 [-0.2]" (-0.73-0.39)  Minkkinen et al. (2007b),
Minkkinen & Laine 2006,
Minkkinen et al. 1997

0.21[0.6]' (-0.20-0.87)

—0.27 [0.1]' (~0.82-0.28)

1.9 [2.1]' (-0.3-3.5)

Martikainen et al. (1993)

0.009 (0-0.018) 0.13 (0.06-0.21) 0.37 (0.17-0.82) 0.56 (0.30-0.81)

N,O (g m?a™) avg. (min-max)

K. Minkkinen unpubl. data

195

1865

1614

1007

926

Total CO,-eq.
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is difficult. Drainage for agriculture is generally % :i’iv 5
effective enough to keep CH, emissions low o] 8
(Table 2), and low temporary emissions or much S - w
more often net consumption from —0.5 to +4 g o 5\'5 § E
CH, m™ a™' continues even after abandonment of -% £ 5] %
the cropland (Regina et al. 2004, Maljanen et al. ] 2 T
2001, 2003a, 2004, 2007, Lohila et al. 2004). 55 - =
Both fallow and cultivated croplands give % 8_ s
rise to CO, emissions of similar magnitude % 8“‘ S
(Table 2), the range of net release rates observed IS 8 - E
being 2167-4033 g CO, m™ a’' from fallow, g % gl
290-2750 g CO, m™? a™' from grass, and 770- i i g o Q5w
3043 g CO, m? a’' from cereals (Maljanen et 5 -g =) ? SN @
al. 2007). The respective N,O emissions from X3 2
fallow areas were 0.6-5.8 ¢ NJO m? a™' , typi- £3 @’g:
cally higher than those from vegetated areas, @% Srﬁr &
0.2-3.8 g NJO m? a'. New results have shown 20 S 3 b
that in Finnish conditions as much as 25%-60% 3o 2 893
of N,O emissions can occur in winter (Maljanen g % g 2] g
et al. 2007). This has important implications in = v NS oo
developing process models suitable for boreal g;)g _
conditions. It is also worth noting that as part = 5~
of the life cycle, the crops will be consumed o g ig
by man or as animal fodder, and respired back o8 S b
to the atmosphere as CO, or partly as CH, by g § o \o[;g
ruminants or at the landfills. Reporting of these Se ° § IR §
emissions to the UNFCCC takes place in sepa- ¢ s © — I -A
rate categories. 53
g3 58
58 i
Former agricultural peatlands abandoned <3 S S
or afforested €F |8 |8~aeg
23 |6 | IESE
Afforestation or abandonment of croplands is 5=
expected to reduce the greenhouse gas emis- 2 g N @g:‘
sions. That may occur through an increase in C % %) é -c% er T E:Tv'
stock as accumulation of above ground wood B gf 03| 8 3 =
biomass and through the cessation of tillage and 8 8 g gT CN‘\" e
fertilization that favor organic matter oxidation & ﬁ s :% % § g E %
and N,O emissions. However, strong emissions 8 5 &
of CO, and N,O may continue for several dec- éé =3 e
ades after the cultivation has ceased (Maljanen 82 ? ggg
et al. 2001, Maljanen et al. 2007, Mikiranta et 2 ¢35 il
al. 2007). 528 EEE
Although Maljanen et al. (2007) reported net S z < ©99
. 5. = 230 © © ®©
annual accumulation of up to -330 g CO, m™ in g S W e
some cases, the average net emission value of so29| g N gm
the five study sites, 1188 ¢ CO, m™? a™!, indicates ~nE " § g £ 5)8
a high loss of C from abandoned agricultural 2 E 5|0 \Tvp’:a’?g
peatland sites (Table 2). At these sites, especially sEs % 8 5 Z'R
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the wintertime N,O emissions remained high,
contributing on average 50% of the annual emis-
sion of 1.3 g N,O m~2 a’'. However, there was a
high interannual variation in the emissions, espe-
cially in the wintertime emissions. The annual
N,O emissions from abandoned croplands were
similar to those obtained from organic croplands
under active cultivation. The soils retain a low
average CH4 sink rate after the abandonment,
—0.22 ¢ CH, m™ a™'. Soil properties and hydrol-
ogy, changed during the cultivation in favor of
high organic matter turnover rates, seem to per-
sist even after regular tillage or other ameliora-
tion measures have ceased.

Stand age on the afforested croplands, which
were planted typically with birch or pine in the
Finnish conditions, varied in our studies from
10 to 35 years (Mikiranta et al. 2007), and stand
volumes ranged from 2 to 193 m? ha™'. However,
no conclusions on the contribution of tree stand,
original peat properties and differences in soil
management could be made with the limited
dataset.

The heterotrophic emissions of CO, from
afforested organic croplands seem somewhat
higher than those from forestry drained peatlands
(Tables 1 and 3). When the amount of carbon
bound annually in the new biomass, assumed
as 169-1206 g CO, m™ a™' in the different tree
stands, is subtracted from the annual emission
from decomposing peat and old litter, 759-1976
g CO, m™ a' (Table 3), the balance appears
negative. However, this simple calculation does
not include the C input to the soil through above-
and below-ground litterfall. When all the actual
fluxes are included e.g. using eddy covariance
measurements, a lower loss may be expected.
Lohila et al. (2007) reported a rather small
net CO, emission of 50 g m™ a™' for the whole
stand, afforested 30 years earlier on an organic
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cropland site. Thus, afforestation can reduce the
CO, emissions for several decades when the tree
stand and belowground biomass increase.

Surprisingly, afforestation did not lower N,O
emissions and the average annual N,O emission
was close to that from organic croplands under
active cultivation. There was a high variation
between sites, but the N,O emissions were not
clearly correlated with the age of afforestation,
stand volume, peat depth, water table level or
tree species. In the afforested sites N,O emissions
during winter were 22% of the annual emissions.
Afforested croplands were small sinks for atmo-
spheric methane (-0.15 g CH, m™ a™'); however,
the CH, sink in these areas is insignificant com-
pared to the atmospheric impacts of CO, and
N,O. Afforestation does not seem to change the
soil CH, flux of former arable land provided that
the drainage system is adequate.

Emissions from peat harvesting areas

Quality of the residual peat (Nykidnen et al.
1996), moisture of the surface peat, the depth of
the water table, and possibly the climatic condi-
tions in the harvesting field affect the fluxes from
peat harvesting areas. Unfortunately, there are
not enough data to cover all the various condi-
tions of harvested areas. However, flux measure-
ments show similarities in CO, fluxes in different
harvesting areas, but also illustrate that strikingly
higher than average emissions may occur in
exceptional conditions, when high temperature
is combined with adequate soil moisture. The
following assessment is based on data from lit-
erature (Ahlholm and Silvola 1990, Nykinen et
al. 1996) and new data from peat harvesting sites
in different regions in Finland (K. Minkkinen
unpubl. data, N. Silvan unpubl. data; Figs. 1 and

Table 3. Annual emissions of greenhouse gases CO,, CH,, and N,O from decomposition of peat and > 1 year-old
litter in afforested organic croplands and cutaways. Total CO, equivalent is calculated using the 100 yr GWP con-

version (Watson et al. 2001).

GHG species

Afforested croplands

Afforested cutaways References

CO, (g m?a™) avg. (min—-max)
CH, (g m2a™) avg. (min—-max)
N,O (g m?a™) avg. (min—-max)

1354 (759-1976)

1.02 (0.16-4.71)

—0.15 (-0.43-0.81)

1397 (1008-1756)
—0.05 (=0.03-0.09)
0.15 (0.02-0.75)

Méakiranta et al. (2007)
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¥ Forest drainage
2° Undrained mire \
® Cropland "2

[=] Afforested cropland
@ Peat harvesting

(O Afforested cutaway

Fig. 1. Location of undrained mires and peatlands
drained for different land use, used as study sites in the
research programme. The light and dark grey shadows
denote the regions where the average temperature sum
1961-1990 was below and over 1100 dd, respectively.
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2, Table 4). New flux data were collected from
three harvesting fields using closed chamber
method and a portable IR analyzer as described
for forest floor soil respiration measurements in
Minkkinen et al. (2007a) and Alm er al. (2007).
Thirty-year simulations based on 1961-1990
monthly average air temperature and simulation
of temperature 5 cm below the peat surface (Alm
et al. 2007), corresponding to air temperature
sums of ca. 950 dd (Oulu) and ca. 1200 dd (Tam-
pere), were used in evaluating the inter-annual
variability of CO, emissions from the harvesting
strips.

The simulated seasonal CO, emissions from
1 May to 31 October for the different sites
were fairly similar, ranging from 219 to 1260
g CO, m™ calculated with the Tampere weather
series, and from 224 to 1210 g CO2 m~? with the
Oulu series (averages given in Table 4). For the
calculation of a single emission factor estimate,
a common response function guided by soil tem-
perature at =5 cm (Fig. 2) was applied. Winter
emissions of 278 g CO, m™ were estimated on
the basis of the average of fluxes measured at or
below zero soil temperatures (0.063 g CO, m~h™!
+ 0.01 S.E., n = 38, Fig. 2), and weighted with
over 181 days to represent the period from 1
November to 30 April. Summing the winter
emission to the simulated summer emissions
gave annual emissions of 978 g CO, m™ a™' for
Tampere and 943 ¢ CO, m™ a™' for Oulu. The flux

3.0
o Aitoneva 2006
¢ Hirvineva

254 4 Mekrijarvi —— F=0.064exp(0.0874 x Ts¢p,), R2 = 0.53
v Pudasjarvi

+ Punkalaidun

gCO, m=2 h-1

Fig. 2. White markers and
the respective regression
are used to derive annual
CO, emission factors for
peat harvesting areas; for
regression parameters
and data locations see the
label. The open square
with bi-directional error
bars show CO, flux (Aver-
age CO, = 0.88 g m? h™'
vs. T, =13.6°C £ S.D.)

5cm

measured in the warm and

-5 0 5 10 15
Peat temperature (°C) at =5 cm

moist summer season in
2005 at the Aitoneva site
(grey markers).

20 25 30
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rates behind these figures were similar to those
reported for southern (400-1020 g CO, m~2) and
northern (230-720 g CO, m™) regions in Sweden
by Sundh et al. (2000); however, the Swed-
ish values represented June—September daytime
fluxes only, and ignored the winter emissions.
CO, emissions measured at Pudasjérvi, the
northernmost peat-harvesting site in our dataset
(Figs. 1 and 2), may indicate a higher sensitiv-
ity of peat oxidation to soil temperature than
what was observed at the more southern sites.
High sensitivity to temperature in northern peat
soil was also found in the soil respiration results
at Kivalo forest drainage site (Minkkinen et
al. 2007a) and in other studies (Domisch et
al. 2006). The stronger temperature sensitivity
may indicate a higher moisture content in peat.

Emission factors of CO,, CH,, and N,O from peatlands 199

According to data provided by Finnish Meteoro-
logical Institute, the thermal summer tempera-
tures are ca. 2 °C lower at the Pudasjérvi region,
at the transition of northern and middle boreal
climate, than in the southern boreal conditions at
Aitoneva. Consequently, potential evapotranspi-
ration (PET) rates should be higher in the south.
A summer withouth drought periods occurred
in 2005 in southern Finland (Helminen et al.
2005) and the evenly distributed precipitation
could be a reason for high CO, release rates
(daytime average 0.876 g CO, m™h™') at the well
humified Aitoneva harvesting site. The following
year 2006 was exceptionally dry at the Aitoneva
region (Helminen et al. 2006). Precipitation sum
from May to September was only 194 mm com-
pared to the 350 mm during the same period in

Table 4. Annual emissions of CO,, CH,, and N,O from milled peat harvesting areas. Emissions in summertime
(V-X) and wintertime (XI-IV) are separated. * The annual maximum includes data from the Kihni6é Aitoneva excep-
tionally wet warm summer 2005, which is not taken into account in the simulated values 2. Total CO, equivalent is
calculated using the 100 yr GWP conversion (Watson et al. 2001).

GHG species Peat harvesting Stockpiles References
areas
CO, (gm2a™)
average (summer) 663 15260 (83 g m2d) Ahlholm & Silvola (1990)
average (winter) 278 25074 (139 g m2d™) Nykanen et al. (1996)
whole year (min—max) 695-4101* This study
Tampere (simulated)? 980°
Oulu (simulated)? 945°
CH, (gm=a™) Nykénen et al. (1996)
average (summer) 6.06° 0.56 (0.003 g m2d) This study
min—max 0.32-9.09 0.08-6.38
average (winter) 1.17 38.61 (0.21 g m=2d™)
whole year 7.23 19.48
N,O (g m2a™) Nykénen et al. (1996)
average (summer) 0.26° 0.34 (0.002 g m2d) This study
min—max 0.06-0.50 0.20-0.48
average (winter) 0.05 0.08 (0.0004 g m2d)
whole year 0.31 0.42
Total CO,-eq.gm=2a™
average 1179 15772¢
fields + stockpiles 5%—10%, summer  1928-2635¢
fields + stockpiles 5%—10%, winter 2459-3697¢

2 Simulated of CO, emissions are based on the common temperature response curve estimated for several sites.
(Fig. 2).

® Ditch emissions added according to Nykénen et al. (1996).

¢ Assuming average emissions of summer and winter and that the stockpiles persist over the whole year.

9 Assuming 5%—10% area of the harvesting field is occupied by stockpiles, and the stockpiles to reside on the field
for 6 summer months.

¢ Assuming 5%—10% area of the harvesting field is occupied by stockpiles, and the stockpiles to reside on the field
for 6 winter months.



200

2005 (data from Tampere Airport by Finnish
Meteorological Institute). The rates of CO, emis-
sions in 2005 exceeded all other data available
from harvesting areas in Finland, as shown in
Fig. 2. The Aitoneva summer 2005 data did
not follow a simple temperature response curve
alone, and had to be excluded from the common
response function for CO, emission from the
peat harvesting areas (Fig. 2). On the basis of
the average flux, the increase in CO2 emission in
the wet warm summer (Fig. 2), could add almost
3 kg of CO, m™ a™' over the estimate calculated
using the common temperature response curve.
The previous high flux rates may also be asso-
ciated with aerated but still moist peat milled
only recently before the CO, measurements were
made (Komppula 1979 cited by Ahlholm and
Silvola 1990). These observations support the
idea of a south—north difference in the tempera-
ture response of heterotrophic soil CO, release
(see Minkkinen et al. 2007a). The differences
in temperature and PET may possibly lead to
differences in the aeration of the surface peat,
and thus a lower decomposition rate of the fresh
soil organic matter in the north. This hypothesis
could explain high temperature response in the
decomposition rate when exceptionally warm
conditions heating the peat surface layer would
occur. The decomposition rate of the previously
less decomposed soil organic matter could in
such conditions be higher in the north than in the
south. Current data are not adequate to evalu-
ate the hypothesis and to quantify the regional
differences in temperature responses. Thus, the
use of present transfer functions and weather
data in regional extrapolation of soil CO, fluxes
becomes questionable, and further research over
a range of temperature sum regions and site
conditions is needed. This question has special
importance because the emission factors should
be adaptable to the expected warming in climate
(Penman et al. 2003) especially in the northern
regions.

Methane and N,O in peat harvesting areas
are released mostly from ditches and stock-
piles. The CH, fluxes measured from ditches in
Sweden (Sundh et al. 2000) are in line with those
measured in Finland (Nykénen et al. 1996) as
well as with those presented by Minkkinen and
Laine (2006) for forest drainage areas, suggest-
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ing that the annual emissions from strips, 0.01—
1.0 g CH, m? a”', are accompanied by fluxes
from ditches, that add a similar amount to the
total emissions from the harvesting area. New
data from peat harvesting strips in Finland (Fig.
2 and Table 4) fit in the previously published
ranges for both gases. The average CO, emis-
sions from stockpiles, 2.12-3.12 ¢ CO, m™ h™',
calculated per area of a stockpile from the new
measuments, are close to those measured earlier
by Ahlholm and Silvola (1990). Similarly the
emissions of N O from stockpiles are higher,
0.20-0.56 g N,O m™ over the summer season,
than the annual fluxes from harvesting strips.
Emissions of CH, from stockpiles were very
high per unit area, and were highest during the
winter (Table 4). Probably the moisture content
in the stockpile is adequate to create low oxygen
conditions suitable for active methanogenesis.
The measurements were made from stockpiles
not covered by plastic foils, and should not
exaggerate the emissions due to channeling of
the gas flows by an impermeable top layer. The
total GHG emissions from the harvesting areas
depend on the relative area and duration of
time the stockpiles may reside on the harvest-
ing strips. Daily average fluxes of CO,, CH,,
and N,O from stockpiles (Table 4) can be used
to estimate their annual contributions when the
accurate areas of stockpiles and their residence
time on the field are known.

After-use of cutaway peatlands

At present most of the cutaway peatlands are
prepared for forestry as the after-use option
(Selin 1999). Emissions of CO, increase due
to site preparation activities to establish the
plantation. The flux estimates for heterotrophic
soil respiration are similar to those obtained
for afforested croplands, and N O emissions
between to 0.02-0.75 ¢ N O m™” a' have been
reported (Mékiranta et al. 2007). A low rate of
CH, oxidation, less than 0.15 ¢ CH, m™? a’', is
sustained (Table 3). Afforestation decreases the
ecosystem CO, losses from cutaway peatlands,
similarly to afforestation of organic croplands,
but may not always lead to net C accumulation
to the ecosystem including the tree layer due to
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the high decomposition rate of the residual peat.

Restored cutaways may start to bind atmos-
pheric CO, into a long-term storage, with an
accompanying increase of CH, emissions. The
temporal and regional coverage of data is cur-
rently sparce. However, C gas (CO, and CH))
exchange on a single site has been followed
by researchers since its restoration in 1994 at
Aitoneva, Kihnié in southern Finland (Tuittila
2000, Kiviméiki 2006). A 50 year old spontane-
ously regenerated trench site nearby was studied
during the growing seasons 2000-2001 (Yli-
Petdys et al. 2007). Further, a chronosequence of
primary paludification covering a time span from
a ca. 100-year-old meadow to a ca. 2500-year-
old mire was studied during this research pro-
gramme. The aim of the chronosequence study
was to observe the C gas dynamics during the
developing phases of paludification versus a
more developed mire ecosystem (E.-S. Tuittila
unpubl. data).

At early stages of restoration the apparent
rate of C gas binding during the growing season
seems high, the balance ranging from a net
loss of —18 g CO, m™ a™' to net binding of
—469 g CO, m™ a™' (Kivimiki 2006). Lowest in
sedge vegetation and highest in mixed vascular
and Sphagnum vegetation. Similar results were
reported in Canada by Waddington and Warner
(2001). The figures from Aitoneva include the
C losses in CH, emission of 1-11 g CH, m”
during the growing season. In addition, a C loss
outside the growing season of 15% of the annual
C release was assumed. The 50 year old trench
showed a similar high rate of binding of new
organic matter (Yli-Petdys et al. 2007), until the
new growth in the trench had filled the basin.
Both study seasons in the older trench indicated
a lower net C balance than in the 10 year old
one, ranging from a loss of 946 to a gain of -315
g CO, m™ a' due to the high respiration rate at
the site (Yli-Petdys et al. 2007). However, the
data only covered a short study period, and may
not be representative in the long term.

The release of CH, from the 50-year-old
trench was as high as 4-123 ¢ CH, m™ a™', indi-
cating very efficient decomposition of the new
organic matter. Even in such a case the ecosys-
tem’s rate of C exchange probably returns into
a more moderate level, corresponding to natural
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mire ecosystems, when the initial resources are
depleted and the expansion of vegetation has
balanced out. The first results from the chron-
osequence of the primary mire succession sup-
ported the findings from the two regenerated
sites of different ages. The youngest natural sites
had highest gross photosynthesis rates but more
labile CH, dynamics than the older mire sites.

Completeness and quality of
emission factors

Coverage of emission factors

The procedures applied in derivation of annual
emission factors are outlined in Alm et al
(2007), and detailed in the original land-use
specific papers of this issue. The data obtained
during the research program is combined with
earlier data measured in Finnish conditions using
similar methodologies. The variance in the emis-
sion factors is viewed as ranges of observed
annual fluxes, and average estimates are given
as best estimates of the emission factors for each
land use category. We have combined the eco-
system inputs and outputs in gas fluxes into net
flux figures when possible. When the whole eco-
system is measurable using chamber techniques,
the net flux was directly measured (Maljanen et
al. 2007, Saarnio et al. 2007, Yli-Petdys et al.
2007), but when a tree layer is present, a multi-
source method should be employed. The eddy
covariance results measured at one afforested
cropland site (Lohila et al. 2007) are discussed
shortly in this paper, but are not included in the
present emission factors.

In the case of peatland forestry, the soil-
atmosphere fluxes presented here (Table 1) only
comprise the output from peat substrate, root
litter, and old aboveground litter. In the Finnish
national GHG inventory reporting (NIR) for for-
ests on organic soils, C inputs to the soil, in terms
of aboveground and belowground litter from
tree stands and ground vegetation, are estimated
using tree data from the National Forest Inven-
tory, biomass functions, and litter-fall models
(Statistics Finland 2006). Outputs from newly
fallen aboveground litter are estimated using the
Yasso decomposition model (Liski ez al. 2005).
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Thus, the CO, balance, and emission factor for
any given forest site, is obtained for a fraction of
similar sites in Finland as a unique combination
of site characteristics and site type specific soil
respiration estimates. An alternative approach
for deriving the net soil CO, balance of forested
sites is facilitated by measuring or estimating all
the different input and output fluxes, as demon-
strated for two site types at the Vesijako study
site (Fig. 1) in Table 5.

Sources of uncertainty in the flux data

Biogeochemical decay processes are diverse,
and heterotrophic microorganisms occur both in
oxic and anoxic conditions. Fluxes of greenhouse
gases between ecosystems and the atmosphere
are either positive or negative: The ecosystem
may act as a source or sink for a gas species. Typ-
ically, both input and output processes are active
simultaneously. This is true for CO, in photosyn-
thesis vs. respiration, for CH, in methanogenesis
vs. methanotrophy (Segers 2001), and for N,O in
production and consumption through denitrifica-
tion or nitrification (Regina 1998). The decom-
position processes involving both carbon and
nitrogen cycles are biogeochemically strongly
interlinked (Klemedtsson et al. 2005, Thauer and
Shima 2006). Therefore, the concept of a gas spe-
cific emission factor is far from simple.

While litter production depends on seasonal
weather and dynamics of irradiation and temper-
ature, the gaseous fluxes of decomposition prod-
ucts follow the dynamics in substrate supply and
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soil climate. Any measurement of gas exchange,
is subject to these sources of variability. The
number of flux measurements, made available
for each site and microsite under varying envi-
ronmental conditions, largely determines how
reliably the flux rates can be generalized. A much
adopted approach is to correlate the variation in
flux rates with variation in environmental factors,
assumed to control the underlying processes. In
the case of soil CO, release or net ecosystem
CO, exchange between ground vegetation and
the atmosphere, the daytime measurements in
drained peatlands have been expanded using
transfer functions over conditions of usually
lower nighttime soil temperatures, varying irra-
diation and seasonal changes in soil moisture
and plant phenology (Silvola et al. 1996, Alm et
al. 1997, Tuittila et al. 2000, Wilson et al. 2006).

A typical feature for boreal peatlands in win-
tertime is the freeze/thaw cycle. Recent studies
have revealed the importance of winter period
for the annual emissions of N,O in the organic
croplands (Flessa et al. 1998, Groffman et al.
2000, Kaiser et al. 1998, Papen and Butterbach-
Bahl 1999, Koponen et al. 2006a, Maljanen et
al. 2007). Processes involved in CH, oxidation
and N,O fluxes show dynamics which do not
follow the simple dynamics of temperature alone
(Koponen et al. 2006b), and for extrapolation
of the observed flux values had to be collected
into summer or winter period averages, and the
annual emission factors were compiled by sum-
ming the two estimates. The snow-free season
or summer period for calculation of the present
emission factors was considered to comprise of

Table 5. Examples of soil CO, balances compiled for two peatland forest sites of different fertility (R. Laiho unpubl.
data). The more fertile site represents Vaccinium vitis-idaea—V. myrtillus type (Ptkg—Mtkg) and the less fertile one
Dwarf shrub—V.vitis-idaea type (Vatkg—Ptkg), respectively, in Vesijako, central Finland. Litterfall and above ground
litter decomposition simulations by T. Penttild (unpubli. data), below ground decomposition (SR = soil respiration)
data from Minkkinen et al. (2007a). The residual soil CO, balance is calculated as sum of input CO, equivalents
from above-ground and below-ground litterfall and (negative) output CO, flux from litter decomposition.

Litter decomposition

Litterfall (CO, m2 a™') (CO, m2a™)
Site type Stand volume Above Below Above Below Soil CO, balance
(m3) ground ground ground ground (SR) (@CO, m2a™)
Ptkg II-Mtkg II 185 1199 763 -1027 -1148 —214
Vatkg-Ptkg 164 1030 649 -306 -953 420
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the 184 days between 1 May and 31 October,
and the rest of the year is considered as the
winter period with 181 days (Alm et al. 2007).
Our choice of the seasonal breakdown in the cur-
rent computation of emission factors ignores the
variability of growing season or winter along the
climatic gradient or between years, but is moti-
vated by comparability of the various estimates
for different land uses.

The datasets collected in the research pro-
gramme are mainly from the southern and central
parts of the country (Fig. 1), leaving the northern
regions and land use categories less covered. The
possible south—north difference in temperature
sensitivity of heterotrophic soil respiration is the
main argument against using regional weather
patterns as basis for transfer function extrapo-
lation of the fluxes at this stage. Such transfer
functions can be valid only in the populations or
regions where the respective data were collected.
In a country with a long climatic gradient, a gap
in regionally representative measurements in an
abundant land use category may form a major
source of uncertainty, in the Finnish case this
important category is drainage for forestry.

Regional adaptability of emission factors

Biological processes behind the gas fluxes
strongly depend on weather related environmen-
tal controls such as temperature, soil moisture
and oxygen content. Therefore, uncertainties in
the emission factors are partly due to the varia-
tions in the regional weather patterns. Dynamic
emission factors (Shurpali er al. 2004) can be
produced using hourly weather parameters either
in regression based transfer functions or by proc-
ess models such as DNDC. The regression func-
tions are given in the original articles in this
issue. Even if no process models for Tier 3 were
available, the application of regression transfer
functions gives an idea of how representative
the annual flux rates can be as they are based on
measurements performed during a few years and
at locations with regionally typical weather pat-
terns. The dependence between environmental
variables and flux rate estimated by regression,
can be utilized by running the transfer function
with a realistic, long time series of the explana-

Emission factors of CO,, CH,, and N,O from peatlands 203

tory control variables. Due to the statistical nature
of regression, the approach is obviously best
applied in the region where the underlying fluxes
and environmental data have been collected.
Some recent observations indicate that soil
respiration rate responds more sharply to increas-
ing temperature in the north compared with the
rates measured in southern Finland (Domisch et
al. 2006) or Estonia (Minkkinen et al. 2007a).
This feature may correspond to differences in
peat quality, as illustrated in the overall south-
north decrease in peat C:N ratio (K. Minkkinen
unpubl. data), or potential differences in temper-
ature adaptations of microbial communities, as
discussed in Domisch et al. (2006). If this is the
case in general, any locally defined, temperature
controlled transfer functions for a southern site
would not be valid in the north and vice versa.

Usability of DNDC model of N cycles in
boreal peatland conditions

While the emissions of CO, can be reproduced
to a reasonable degree using regression transfer
function approach (Alm et al. 2007), modeling
of the processes behind N O fluxes are more
difficult. Successful modeling of N,O emissions
especially in organic croplands would be impera-
tive for the harmonization of European emis-
sion inventories since process models are widely
used. With this in view, we have compared the
performance of a version of DNDC, adapted
for agricultural systems, against observed N,O
fluxes from organic grassland in Jokioinen,
southern Finland (60°49°N, 23°30”E), meas-
ured during the years 2000-2002. The field has
been cultivated for 100 years. Further details are
available in Regina et al. (2004). The DNDC
model is a process oriented model of soil carbon
and nitrogen biogeochemistry, widely used in
temperate and tropical conditions (Cai et al.
2003, Pathak et al. 2006, Frolking et al. 2004,
Butterbach-Bahl er al. 2004, Smith et al. 2004,
Li et al. 2004, Kesik et al. 2005, Qiu et al. 2005,
Hsieh et al. 2005, Li et al. 2006).

The model was run using the daily time
series of air temperature and rainfall from Jokio-
inen and soil characteristics as inputs. The objec-
tive was to explore if process models such as
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DNDC developed elsewhere could be employed
to simulate carbon and nitrogen dynamics under
Finnish conditions. The model was calibrated
for an organic soil with moist grassland land
use type. The initial soil bulk density and soil
pH values used in the simulation run were 0.48
g cm™ and 5.8, respectively. The surface layer
soil organic carbon was 23%. These values and
other information related to cropping history,
soil management, fertilizer application rates,
harvested biomass yield, flux data on CO, and
N,O exchange were obtained from Regina er al.
(2004). The model has three different input mod-
ules: climate, soil and management. The various
details in the three input modules were furnished
to best represent the grassland cultivation prac-
tices on an organic soil under Finish conditions.
The simulations were run for two years (2000
and 2001) with climatic input of daily air tem-
perature, precipitation and solar radiation as the
main model drivers. The comparison of model
output and measured N O fluxes (Fig. 3 and
Table 6) revealed the following:

e DNDC responded to the summertime varia-
tions in the input weather variables.

* DNDC responded to fertilizer applications.

e The timing and magnitudes of the gas emis-
sion dynamics were different enough to result
in marked differences in the integrated emis-
sions.

e DNDC did not correctly reproduce the win-
tertime soil conditions and N,O emissions.

The DNDC available for this study was
originally developed for general farmland soils,
which differ from peat soils in many aspects. To
adopt this model to suit peat soils under boreal
conditions , there is a need for modifications
in at least three aspects: (1) re-defining the soil
thermal, hydraulic, redox and substrate profiles
in light of the deep peat accumulations, (2) refin-
ing the processes of anaerobic biogeochemistry
(e.g., decomposition, nitrification, denitrifica-
tion, fermentation etc.) in the peat soils, and (3)
improving gas diffusion processes in the peat-
dominating soil matrix.

Several studies have highlighted that much
of the annual N O emission from organic soils
may be released during the winter (e.g. Koponen
et al. 2006a, 2006b). Some features in DNDC,
related to the misinterpretation of organic soil
conditions, critical for NZO formation during the
boreal winter could be identified. The DNDC
models evenly distributed soil moisture without
implementing a water saturated zone, typical
even for drained boreal peatlands, and predicts
unrealistically low soil temperatures in snow
covered conditions.

Even though the process models such as
DNDC give promise for the Tier 3 level inven-
tory, further development and validation is still
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arrows illustrate the GWP-decreasing impact by the growth of C store in trees, ground vegetation, and litter (above
and below ground). The up arrow indicates the possible impact of wet warm conditions increasing the CO, and CH,

emissions in milled peat harvesting areas and stockpiles.

needed, in order to make them operate properly
for boreal organic soil conditions, and to be
useful in boreal peatland conditions.

Conclusions

The emission factors presented here represent
country-specific improvements for the GHG
inventory. They are local in nature, but add infor-
mation to impacts of land use on organic soils in
the European boreal zone. The dynamic emission
factors for CO, fluxes (e.g. temperature depend-

ent regressions) presented in the original articles
(this issue) are not readily regionally adapt-
able due to possible differences in temperature
responses of soils in different climatic regions,
but further research is needed. Similarly, a proc-
ess model for C and N cycles (DNDC) must be
further developed in order to be used in boreal
conditions, especially for simulating the winter
emissions of N, O. Different land use types lead
to different emission schemes (Fig. 4). Soil GHG
emissions from forested sites are smaller than
from agricultural and bare cutaway sites and the
emissions are further reduced by C sequestra-
tion by the tree stand and ground vegetation.

Table 6. A comparison of modelled and measured summer, winter and annual sums of N,O emissions (integrated
g N,O m™ per annum or season) from an agricultural soil in Jokioinen, southern Finland during 2000 and 2002.
Summer and winter contributions as a percentage of the annual total are shown in parenthesis

Year Total Summer Winter
Measured Model Measured Model Measured Model
2000 55 0.8 4.7 (87) 0.7 (86) 0.7 (13) 0.1 (14)
2001 7.4 1.3 4.1 (55) 1.2 (93) 3.3 (45) 0.1 (7
2002 7.1 5.6 (78) 93) 1.5 (22) 0.1 (7)
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Thus, carbon binding through afforestation can
significantly reduce the overall climatic warming
impact of croplands and cutaways, even if the
net effect still remains on the side of warming.
However, if adequate drainage for forest growth
is maintained, soil CO, and N,O emissions will
in most cases remain at an increased level com-
pared to natural mires, while CH, emissions
remain significantly lower. Protection measures
of soil carbon reserves such as restoration by
rewetting at suitable sites should be encouraged,
thereby also reducing the N, O release.
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