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Natural peatlands are usually carbon (C) accumulating ecosystems. They affect the global climate by
decreasing the quantity of carbon dioxide (CO,) and increasing the quantity of methane (CH,), both
of which are so-called greenhouse gases, in the atmosphere. Forestry drainage may alter these fluxes
and thus the radiative forcing (i.e. “greenhouse impact™) of peatlands as well. The changes in CO,
and CH, fluxes from peatlands and consequent changes in radiative forcing were investigated for this
thesis. Change in peat C balance was studied using geological methods, based on peat samples from
drained and undrained peatlands whereas CH, fluxes were measured directly using static chambers.
Sequestration of C into tree stands was simulated using MELA-stand simulator and biomass and C-
density models. Finally, the effect of forestry drainage on the C balance and radiative forcing of
Finnish peatlands for the period of 1900-2100, was calculated from the results from these studies and
other subject-related literature. It was found that peat C stores and the rate of C sequestration may in
the long-term increase or decrease after drainage for forestry, depending on the peat nutrient level
(mire site type) and climatic conditions (temperature sum). C stores in vegetation increase after
drainage, but do so markedly only in the tree stand. Areal CH, emissions decrease after drainage,
although ditches continue to emit CH, at a rate similar to undrained peatland surfaces. Finnish peatlands
as a whole were found to be an important factor in national greenhouse gas emissions. Forestry
drainage has significantly decreased the greenhouse effect of peatlands and is predicted to continue
to do so at least for the next century. This is caused by increases in peat and tree stand C sequestra-
tion, and especially by a decrease in net CH, emissions from peatlands after drainage. The calcula-
tions presented here include many uncertainties involved in the actual parameter values, in the mod-
els used and in the numerous assumptions. Despite all these uncertainties, the result can be consid-
ered reliable at least quantitatively: drainage of peatlands for forestry has decreased the greenhouse
effect of these ecosystems. However, further drainage of natural mires is not recommended, since
these ecosystems may contain values, which might be considered even more important than the
mitigation of predicted changes for Finland in climatic variables.
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Definitions

Carbon balance(C balancg is defined as the Radiative forcingis the perturbation in the
net C exchangé.e. net change in the C store)Earth’s radiation energy budget which forces the
between the system specified and the enviroglobal temperature to move towards a new equi-
ment i the area and period specified (units: g dibrium (unit: W m? or mW nv). Positive values

m?2 a® or Tg C &). PositiveC balancevalues indicate a potential warming of the atmosphere
meanC sequestratior(i.e. C accumulatioror ~ (i-€. “enhanced greenhouse effect”) and negative
increase in C store) into the system whereas neg?€s a cooling of the atmosphere.

tive C balance values me@rioss(decrease in C Mire is a wetland ecosystem in which organic
store)from the system. matter derived from mire plants is accumulated
Flux andemissionare commonly used terms in @S peat because of the high water table level and

gas exchange measuremerfiix is a two-di- consequent poor decomposition processes. Thus

rectional flow of matter into or out of the system N€ definition includes only functionally undis-
rbed ecosystems in which the vegetation is

which can have negative or positive values, whil -
emissiorrefers to the flow of gas out of the sys- ormed by plants adapted to wet conditions.
tem, thus being one-directional flux. Thet flux Peatlandis land on which the soil is formed of
of a gas is equal to theet exchangef the gas peat. In addition to mires, this definition includes
(units e.g: g COmM? a') between the system andlands drained for forestry or otherwise utilized,
the atmosphere. in which peat accumulation no longer occurs. In
_ . this thesis, the termndrained peatlandused as
The greenhouse effeds the global atmospheric 5 oo nterpart ttorestry-drained peatlanequals
warming effec’_t c_aused by the imbalance in thg,q yefinition of mire (above).
long-wave radiation energy budget between the , . )
Earth and space. The greenhouse effect is a nafprestry drainageis the drainage of peatlands
ral phenomenon which keeps the Earth's surfad8" fOrestry purposes.
c. 30°C warmer than it would be if all emittedSubsidencés the drop in the elevation of the peat
radiation was transferred to space. surface after drainage and water-level drawdown.



1 Introduction estry-drained peatlands, emphasizing the effect
of forestry drainage on national greenhouse gas
balances. It was started under SUOSILMU and
finished under another research project “North-

Mires are vast reservoirs of carbon. The amour@™ Peatlands and Climatic Change”, funded by
of carbon (C) accumulated in northern (i.e. boredN® University of Helsinki in 1996-1998. This
and subarctic) peatlands is estimated at c. 455 BESiS is based on my own empirical studies and
(105 g) (Gorham 1991), which is c. 60% of the®l other subject-related studies, many of which
C pool in the atmosphere and one third of th¥/€re also conducted under these research
total C store in soils (IPCC 1996c¢). As the accuProJects.
mulated carbon is derived from atmospheric car- o
bon dioxide (CQ), and partly converted to meth- 1.2 Carbon dynamics in peatland ecosystems
ane (CH) in the anaerobic conditions of water- ] )
saturated peat, mires reduce the amount of CG-21 Undisturbed mire ecosystems
but at the same time increase the amount of CH _
in the atmosphere. Land use changes such ¥4res are carbon accumulating ecosystems. At-
drainage for forestry, agriculture or peat harvesfhospheric C is bound in the photosynthesis of
ing, and possible global warming alter the fluxedhe plants and deposited as litter both on and in
of these greenhouse gases in peatlands in wa{}¢ Soil. Because the water table (WT) in mires
that are not well understood. The role of peatland§ Permanently close to the mire surface, the soil
as global greenhouse gas sinks and sources fadargely anoxic and decomposition processes
often been mentioned, but both positivéemain slow. As the net primary production ex-
(Armentano and Menges 1986, Gorham 199 eeds decomposition, C accumulates as peat. The
Oechel et al. 1993, Botch et al. 1995) and neg®ast average long-term rate of C accumulation in
tive feedback (Hobbie 1996, Laine et al. 19960 innish mires is estimated at 15-30 g € at,
Myneni et al. 1997) of the greenhouse gas emiut the variation within and between mires is large
sions following utilization and/or global warm- (2-89 g C nt a*; Korhola et al. 1995, Tolonen
ing have been suggested. and Turunen 1996). The accumulation rate has
Forestry drainage has been the most exteReen related to the mire’s geographical location
sive land use applied to peatlands, estimated gouth>north), age (young>old) and type
15 million ha (Paavilainen and Paivanen 1995)pbogs>fens) (Korhola et al. 1995).
which is c. 4% of the total area of northern The carbon cycle in mires is schematically
peatlands (350 million ha, Kivinen and Pakarinefresented in Fig. 1. Part of the C photosynthesized
1981, Gorham 1991). Over 90% of the are&Y plants is returned to the atmosphere asi@O
drained is situated in Nordic countries (i.e. Finthe maintenance and growth respiration of above-
land, Sweden and Norway) and Russi@nd below-ground parts of the plants. The remain-
(Paavilainen and Paivanen 1995). For countrig8g C is transformed into plant structures, and
like Finland, where one-third of the land area idinally deposited as dead plant matter, i.e. litter,
covered by peatlands, and over half of that hagn (or in) the soil. In the aerobic surface parts of
been drained for forestry purposes, peatlands atite peat (acrotelm; Ingram 1978) c. 80-95 % of
their use may form a significant component othe litter is decomposed by aerobic bacteria and
national greenhouse gas balances. released as Cpbefore it is sunk by the gradu-
Against this background, a research projeally rising water table (Reader and Stewart 1972,
called “Carbon Balance of Peatlands and Climateéakarinen 1975, Clymo 1984, Reinikainen et al.
Change” (SUOSILMU) was started in 1990 as 4984, Bartsch and Moore 1985). In the water satu-
part of the “Finnish Research Program on Clirated, anaerobic parts of the peat the decomposi-
mate Change” (SILMU), funded by the Academytion processes are very slow (from less than 1%
of Finland. The research work described in thi¢o a few percent (Clymo 1984)) and C is released
thesis concentrates on the carbon balance of faand emitted to the atmosphere mainly as.CH

1.1 Background



Methane is formed from organic or gaseouing the growing season (Alm et al. 1999), but a
carbon by methanogenic bacteria living in theonsiderable part (20%) of the C fixed in the eco-
anaerobic, water-saturated peat layers. A majeystem is lost during winter when no C fixing
part of the methane thus formed originates, howsccurs.
ever, from new carbon (e.g. Whiting and Chanton Carbon also flows in and out of the mire dis-
1993, Schimel 1995) brought to the anaerobisolved (i.e. DOC) in the groundwater (Urban et
peat layers by deep-rooted plants, such as sedg#s1989, Sallantaus 1992). As mires have very
(Saarinen 1997). In the upper, more oxic peat lajrigh C densities, the C output is usually higher
ers live methanotrophic bacteria, which in turrthan the input, i.e. there is a net loss of C from
oxidize part of the ClHdiffusing upwards to CO the mire by the throughflow of water. The C
(e.g. Sundh et al. 1994). Many wetland plantgeaching rate is largely dependent on the quan-
possess aerenchyma, required to provide the rodity of throughflow and primary productivity of
with oxygen. At sites where such plants domithe ecosystem: quite small net losses of 5-9 g C
nate (sedge fens especially), most of the metm? a* have been measured at a mire in central
ane is transported into the atmosphere via thegénland (Sallantaus 1992, Sallantaus and
plants’ aerenchym@.g. Schimel 1995, ShannonKaipainen 1996), whereas considerably higher
et al. 1996, Frenzel and Rudolph 1998, Ruschet losses (30-35 g Cha') have been reported
and Rennenberg 1998), thus avoiding th&om North American peatlands of warmer cli-
oxidative peat layers. Thus, the methane cyclmates and higher throughflow (DeVito and
may be relatively independent of the long-ternLaZerte 1989, Dosskey and Bertsch 1994).

C cycle: mires in their early fen stages may act Carbon is also leached downwards in the peat
as methane pumps, converting atmospheri¢ CQrofile (Charman et al. 1994, Domisch et al.
to CH, (Korhola et al. 1996). 1998), all the way to the underlying mineral soil

The variation in the COand CH emissions (Turunen et al. 1999a). Based on the differences
from boreal mires is very large. Soil respirationin C stores between mineral subsoils under young
measurements, which include the C released hires (<500 years) and adjacent upland soils, the
decomposition of organic matter as well as th€ input into the mineral subsoil has been esti-
respiration of plant roots and heterotrophic ormated at 10-20 g Cfra* (Turunen et al. 1999a).
ganisms, give average figures for annual,CO
emissions between 50 and 400 g € &, de- 1.22 The effects of forestry drainage
pending on climate and mire site type (Raich and
Schlesinger 1992, Moore 1996, Silvola et alFollowing drainage for forestry and the conse-
1996a). Microtopographical differences withinquent drawdown of the water-level, plant struc-
sites (e.g. Moore 1989) and differing climatictures collapse and the peat surface subsides rap-
conditions between years (Silvola et al. 1996ajly (Lukkala 1949). The surface peat layers are
further increase the variation in ¢@uxes from consequently compacted into a smaller volume,
mires. Root respiration may account for 10-40%nd the peat density is increased. At the same
of soil respiration in peatlands, the major part ofime the aerobic surface peat layer increases in
which is probably derived from decomposing roothickness.
exudates, not from the maintenance respiration In the changed conditions, the litter and peat
of roots (Silvola et al. 1996b). Annual Ceimis-  decay rates increase, since decomposition in aero-
sions from boreal peatlands have varied betwedsic conditions is always much faster than in
0 and 70 g CEHm? a* (Crill et al. 1992), mean anaerobic ones (e.g. Clymo 1984). Higher decom-
fluxes for Finnish undisturbed bogs and fens beposition rates in connection with peatland drain-
ing 8 and 19 g CH? a’ respectively (Nykdanen age and have been reported, especially measured
et al. 1998), usually comprising less than 18f% as cellulose mass loss (Karsisto 1979, Lieffers
the annual net C flux from peat to the atmospherE988, Bridgham et al. 1991) or as a change in
(Alm et al. 1997). In Finnish conditions aboutCO, emissions in laboratory conditions (Moore
80% of the emissions of G@nd CH occur dur- and Knowles 1989). However, the effect of in-
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creased aeration on increased decomposition rategh originally high WT (fens), a thin peat layer
may be accompanied by decreases in peat mthd high peat nutrient content, the change is much
(Lukkala 1929, Laine et al. 1995a), low peat temfaster. Because of sufficient drainage and nutri-
perature (Heikurainen and Seppala 1963nts in the peat, the tree growth increases rapidly
Hytdnen and Silfverberg 1991, Minkkinen et al.during the first five years after drainage, and tree
1999) and reductions in litter quality (Laiho andstand soon constitutes the dominant vegetation
Laine 1996), which are all important determinanttayer. Later on, shading by the tree stand directs
of the rate of organic matter decompositiorthe succession of the ground vegetation towards
(lvarson 1977, Coulson and Butterfield 1978shade-tolerant flora. Species diversity decreases
Berg et al. 1993). In undisturbed minerotrophidn the long-term following drainage, along with
peatlands the groundwater flow brings base catihe disappearance of microtopographical differ-
ons into the mire from surrounding upland minences (Laine et al. 1995a).
eral soils, neutralizing the organic acidity of the The simultaneous changes in vegetation and
peat. After drainage this influx of water is largelydecomposition processes after drainage alter the
prevented by ditches, and even more cations acarbon dynamics of the mire. The Ggnissions
taken by the increasing tree stand, causing thusually increase (Silvola 1986, Moore and Dalva
the peat pH to decrease. The decrease in thernri&93, Silvola et al. 1996a), while the emissions
conductivity in the drier surface peat and the inef CH, decrease (Roulet et al. 1993, Martikainen
creasing shading by trees usually cause the st al. 1995, Nykanen et al. 1998). In Finnish
face peat temperature to decrease in the long-tepeatlands, annual G@missions from peat have
after drainage (Heikurainen and Seppéala 1968gen reported to increase by 6-190% (mean 50%;
Hytdnen and Silfverberg 1991, Minkkinen et alincrease from 135-340 on undrained sites to c.
1999), although increases in temperature shortfy60-460 g C m a* on those drained; Silvola et
after drainage have also been reported (Lieffer. 1996a), and CHemissions to decrease by 30-
1988). The decomposition rate of litter is highly100% (from 3-22 on the undrained sites to 0-6 g
dependent on the litter quality, sugars and starch€sm? at on the drained; Nykanen et al. 1998),
being the easiest organic compound to decondlepending greatly on the drainage intensity (wa-
pose and lignin being the most difficultter-level drawdown) and mire site type.
(Meentemeyer 1984). After drainage the lignin The increased CCemissions have been in-
content of litter may be expected to increase beerpreted to indicate a decrease in the soil C stor-
cause of the great increase in woody vegetatioage (e.g. Silvola 1986, Gorham 1991). However,
which would also partly counteract the effect othe incoming C fluxes also change after drain-
increased aeration on the litter decompositioage. The net primary production and biomass of
rates. the vegetation usually increase overall, the great-
Drainage initiates a vegetation succession iast increase occurring in the tree stand with some
which typical mire plant species are graduallydecrease in the moss layer (Reinikainen 1981,
replaced by forest vegetation (Sarasto 1961, LairReinikainen et al. 1984, Laiho 1996, Laiho and
and Vanha-Majamaa 1992, Laine et al. 1995a).aine 1997).
The flark and lawn level species are the first to The importance of the tree stand on the total
disappear, whereas hummock-species, beirabove ground biomass and primary production
more resistant to the water-level drawdown, peef the mire was stressed in the study by
sist longer. The rate of change depends mainigeinikainen et al. (1984), where the lowest
on the nutrient level and the quantity of waterbiomasses (c. 100 g C3n50% C content as-
level drawdown (Laine et al. 1995a). On nutrisumed) were found in treeless fens and the high-
ent-poor, thick-peated bog sites, where efficientst (c. 10 000 g C #) in old drained peatland
drainage is difficult to maintain, vegetation sucforests. Primary production varied more (70 to
cession is slow and often even stops or reverts @0 g C nt a?), low production values being
original mire vegetation when ditches get chokediven for both drained and undrained sites but
with mosses and sedges. On minerotrophic sitésgher productions (over 250 g C?ma?) always



being found on the drained sites, where the trabus decrease the Earth’s radiation energy trans-
stand constituted 84-96% of the primary producfer to space. In short, they cause the well-known
tion. A decrease after drainage in primary progreenhouse effeca natural phenomenon that
duction and biomass has been measured only keeps the Earth’s surface c. 30 °C warmer than it
the most nutrient-poor sites (Vasander 1982). would be, if all emitted radiation was transferred
The deposition of litter increases (Laiho ando space (IPCC 1990).
Laine 1996, Finér and Laine 1998) simultane- Climate is never in a steady state, but keeps
ously with increased tree stand growth. Tree litechanging constantly. If, for example, the concen-
ter, enriched with lignin, is resistant to decay (e.gration of greenhouse gases in the atmosphere
Melillo et al. 1982, Meentemeyer 1984). In-changes, the radiation balance between the Earth
creases in above ground litter production up tand space alters as well. This change in the Earth’s
five fold (from 30 to 150 g C rha?; Laiho and radiation energy balance, which forces the glo-
Laine 1996)and two fold increases in litter pro- bal temperature to seek a new equilibrium, is
duction below ground (from 72to 138 g Cal;  calledradiative forcing(expressed as W-fhand
Vasander 1982) have been estimated. Thesay factor that can alter this equilibrium (green-
changes in the quantity and quality of the abovdiouse gas, solar radiation, aerosols, albedo) is
and below-ground litter, which form the organiccalled aradiative forcing agen(IPCC 1990).
C flow into the soil, may significantly contribute Positive radiative forcing values indicate a warm-
to the post-drainage C balance of a mire, and thirsy effect and negative ones a cooling effect.
the increase in Cemissions does not necessar-  The properties of the greenhouse gases affect-
ily indicate a decrease in peat C balance. ing radiative forcing vary widely between gases.
The leaching of organic C increases during-or example Cklabsorbs infrared radiation 21
and immediately after digging the drainage nettimes more efficiently than COexpressed on a
work (Bergquist et al. 1984, Ahtiainen 1988), butmolecule/molecule ratio, and 58 times as effi-
because the groundwater flow through theiently expressed on mass/mass ratio, whereas
peatland is decreased by ditches trapping thé,0 is 206 times more efficient than g®@alcu-
inflowing water, the long-term increase in organidated in both ways (IPCC 1990). However, the
C leaching is small (c. 10%; Ahtiainen 1988 gases also have different lifetimes and they in-
Sallantaus 1994) or may even decreastract in different ways with the environment,
(Heikurainen et al. 1978, Lundin and Bergquistvhich makes such comparisons between them
1990). Leaching of C downwards in the peat promore complicated. Gases hagligect radiative
file may be expected to increase because of tifiercing impacts, which result directly from the
increased fluctuation in the water table after rainechange in the atmospheric concentrations of the
fall events. This would form a further outflow of gases themselves. Some gases alsoihdivect
C from the mire as well as more rapid relocatiommpacts through the alterations they cause in at-
of C downwards in the peat deposit. Howevemospheric chemistry. For example increased CH
no comparative studies on this issue on undrainencentrations enhance the formation of tropo-
and drained peatlands are known to the authorspheric ozone, and the decay of Jioduces
water vapour in the stratosphere; these changes
1.3 Greenhouse gases, radiative forcing and together increase the radiative forcing of meth-
carbon balance ane by 20-30% (IPCC 1994).
Because of natural alterations in the radiative
Carbon dioxide (C¢), methane (Ck) and nitrous forcing agents, radiative forcing never equals
oxide (NO), all emitted from peatlands, are sozero. However, it is the anthropogenic changes
called greenhouse gase3ogether with other in the climate, such as tlemhancedyreenhouse
greenhouse gases (water vapour, ozone aeffect, that we are interested in. As is well-known,
chlorofluorocarbons), they absorb infrared radiathe atmospheric concentrations of greenhouse
tion emitted from the Earth, emit a part of thegases have greatly increased since pre-industrial
radiation energy back to the Earth’s surface artiimes (i.e. since c. A.D. 1750). For example, the
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concentration of COhas increased from 280 totimes of gases vary widely, and the dynamic as-
360 ppm during the last century because of theects of the phenomena (greenhouse gas emis-
destruction of large areas of forest and the irsion history or scenario) are lost. Radiative forc-
creased use of fossil fuels (IPCC 1996b). Tha&ag models (Korhonen et al. 1993, Sinisalo 1998),
concentrations of CHand NO have also risen offer a useful tool in assessing greenhouse im-
as a result of human activities such as agricupacts caused by dynamic phenomena, such as
ture, waste disposal and fossil fuel production andrainage of peatlands for forestry. The data
use. It has been estimated that these changesigeded for such calculations would be the
the greenhouse gas concentrations {GtH,,  changes in greenhouse gas flux rates per unit area
N,O) have already increased the radiative forcand the change in areas. The collection of such
ing by 2.2 W n? (IPCC 1996b). Various scenariosdata, however, is not easy. The G#nissions
show that the radiative forcing caused by altan be measured using chamber techniques (e.qg.
radiative forcing agents, would increase 4 to &rill et al. 1988), but the C{balance is difficult
W m2 by the year 2100, which would lead to arto quantify since it includes C fluxes both in gas-
increase of 0.9-3.5 °C in mean global temperaous and organic forms. Short-term net, &
ture (IPCC 1996a). change can be measured in treeless peatlands
The atmospheric C{&zoncentrations have not using dynamic or static chambers (Silvola et al.
risen as much as has been expected from calcl885, Alm et al. 1997). On tree-covered peatlands
lations based on fossil fuel emissions and theicrometeorological methods using towers are
known C sinks. This has led to a search for othéhe only direct ways of measuring the net,CO
sinks of C in the biosphere, at first in oceans aneixchange (e.g. Fowler et al. 1995) of the whole
recently in terrestrial ecosystems. Since a higpeatland ecosystem. High costs, the need for a
proportion (1/3) of terrestrial C is sequestered inttbng monitoring period and large homogenous
peatlands, their role in the global Cfluxes has peatland areas, however, restrict the usability of
often been discussed. Increased, @Wels and this method.
higher temperatures might increase the primary Since direct measurements of falance are
productivity of these ecosystems leading to indifficult, time-consuming and expensive, other
creased C sequestration and negative feedbaciethods have been tried. If the C fluxes in the
on the greenhouse effect (Makulec 1991, Laintorm of CH, and DOC in the ecosystem are
et al. 1996b, Myneni et al. 1997). Usually, howknown, the net CQexchange can be estimated
ever, the predicted global warming and the utiliindirectly by measuring changes in the C stores
zation of peatlands have been hypothesized td the ecosystem. The effect of drainage on the
turn peatlands from C sinks to C sources to th€O, balance of the mire could be studied by com-
atmosphere because of the dominance of watgraring drained and undrained sites or by measur-
level drawdown over possible increases in teming the same site before and after drainage. This
perature (Armentano and Menges 1986, Gorhakind of measurement gives a time-integrated net
1991, Oechel et al. 1993, Botch et al. 1995). Ochange in the C stores, thus avoiding the prob-
the other hand, the forms of utilization (peat harlems involved in the variation of G@missions
vesting, agriculture, forestry) may have very dif-over time. On the other hand, all dynamic aspects
ferent effects on greenhouse gas fluxes, and thase lost, and quite a long period (decades) is
these estimates of the utilization of peatlands omeeded to get accurate results. If the C stores had
global warming remain quite imprecise. been accurately measured before drainage, the
The relative effect of greenhouse gas emisnethods would be easy to apply. Usually this is
sions on atmospheric warming is often estimatedbot the case, which means that the pre-drainage
by calculating global warming potential (GWP),values must be estimated using specific tech-
which is the time-integrated warming effect ofniques, which introduce new problems and error
the gas relative to that of GQmass/mass basis) terms into the results. However, if the changes in
(Houghton 1996). However, in this approach théhe C stores can be quantitatively estimated, the
time scale naturally affects the results, as life€O, and CH emissions and consequent radiative
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forcing of the peatland could be calculated, a%993 (I and Il). Five regions from the south to

has been done in this thesis. the north were selected to cover the macroclimatic
gradient and the main zones of mire vegetation
1.4 Aims and approaches in the country. Three nutrient levels, represented

by the following pine fen site types, were cho-
The aims of this thesis were 1) to examine theen: 1) Herb-rich sedge birch pine fen (RhSR),
changes in peatland C stores (peat and vege®)-Tall sedge pine fen (VSR) and 3) Cottongrass
tion) and CH emissions caused by forestry drain-sedge pine fen (TSR) or its northern counterpart
age and 2) to calculate the effect of forestry drain-ow-sedgeSphagnum papillosupine fen (LkR)
age on the C balance and radiative forcing dfite type names by Laine and Vasander (1990)).
Finnish peatlands in total. The drained sites had been drained mainly in

The calculations were based on the substudi#ise 1930s. At the time of drainage detailed infor-

and other subject-related literature. The postnation was gathered from the field during the
drainage changes in the physical structure and @anning of the drainage networks (including peat
stores in peat were determined by two differerthickness, ditch directions and lengths) which
methods, utilizing an extensive (I and Il) and inimade it possible for us to locate the old measure-
tensive (lll, VI) approach. Changes in vegetatiomment points (called ‘pole-points’ in 1). At every
C stores (tree stand and ground vegetation) wepmint, peat thickness was measured again and
investigated by measuring biomasses (l1l) and byolumetric peat samples from the peat surface
simulating tree growth in drained peatlands (IV)down to a depth of 80 cm were collected for the
The importance of drainage ditches in areal metlgetermination of peat,DC concentration andD
ane emissions was assessed (V) in order to cdks pre-drainage Dvalues for the drained sites
rect the areal CjHemission estimates of peatlandsvere not available, sample material from
derived from the literature. The greenhouse imdndrained mires of the same regions and site types
pact of a mire after drainage for forestry (VI) wasvas collected. This was used to compare pegat D
calculated to determine the relative importancealues between drained and undrained sites (1)
of C fluxes in different forms (C stores in peatand to construct a regression model for estimat-
tree stand and wood products together with, CHng D before drainage (Il). The C stores before
emissions) for C balance and radiative forcingand after drainage were calculated as the prod-
The methods and results of the substudies auet of D and peat thickness and the changes in
summarized briefly, and finally, the effect of for-these quantities were calculated as the difference
estry drainage on the C balance and radiative forbetween the drained and undrained values (l1).
ing of Finnish peatlands from 1900 to 2100 isThe effects of categorical (site type, region) and
calculated. continuous variables (temperature, nutrients,

stand volume, peat thickness) on the response

variables (peat subsidence and changes in peat

2 Summary of substudies Dy, D; and C stores) were determined by the t-
test, ANOVA and ordinary least squares (Systat
2 1 Material and methods 1996) and hierarchical variance component re-

gression models (Woodhouse 1995).
2.1.1 Carbon stores (I-1V)

2.1.1.2 Intensive study material; peat and
2.1.1.1 Extensive study material; peat (I, II)  vegetation (llI)

Post-drainage changes in peat structure, bulk defhe changes in the C stores and C balance of a
sity (Dy), C density () and C store were inves- peatland soil and vegetation after drainage for for-
tigated using extensive sample material collecteskstry (1961) was studied in Lakkasuo mire, Cen-
from numerous undrained and 50-60 year oldral Finland (61° 48'N, 24° 19'E, ca. 150 m. a.s.l)
drained peatlands throughout Finland in 1990by comparing undrained and drained parts of the
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mire (I1). Measurements were carried outin 1991 The stand development was simulated for
at four sites with different peat nutrient statusmanaged and unmanaged stands. Diameter and
site 1 - Tall sedge fen (VSN), site 2 - Tall sedgéeight distributions for unmanaged stands, re-
pine fen (VSR), site 3 - Dwarf shrub pine bogguired for the baseline of the simulation, were
(IR) and site 4 - Cottongrass pine bog v8fthag- obtained from data on undrained mires (Heiku-
num fuscunhummocks (RaTR). It was assumedainen 1971, Gustavsen and Paivanen 1986). Data
that the vegetation and pre-drainage developmeoh 15-25 year old drained mires (Hokka and
of the peat deposits had been similar on both sideaine 1988) were used for managed stands. The
of the border ditch and any differences betweethinnings were planned to follow the thinning pro-
undrained and drained parts were caused by draitedure used in practical peatland forestry, where
age (and post-drainage silvicultural treatmentghe thinning interval is usually longer than in
only. upland forests attributable to higher management
The ground vegetation was harvested at theosts caused by ditch network maintenance. The
time of maximum annual biomass from areas dinal felling (and stand regeneration) was done
0.1 nt, after which the samples were dried andvhen the stands could not reasonably be thinned
weighed. The C store was calculated assumingfarther (too few trees left, decreasing growth).
C concentration of 50% of dry biomass. The treeShe stands were regenerated by planting 2000
(diameters and heights) were measured on 1@@edlings of spruce (RhK, MK) and pine (VSR,
n? circular plots and the volume of the tree stantR), per hectare. The new stands were treated with
was computed. The volumes were transformesimilar thinning procedures to the first post-drain-
to total above ground tree stand C stores usirage rotation.
the equation given in Laiho and Laine (1997). Biomasses were calculated for different parts
The peat surface was levelled and volumetriof the trees (stem, crown, stump and roots) using
peat cores from the peat surface down to the bakke modified tree-level models of Marklund
tom of the peat deposit were collected. The cor€4988) and Finér (1989) and added to produce
were analysed for Pand C concentration in 20 stand-level C stores.
cm slices. Tree-specific pollen ratio diagrams
were prepared in 1-2 cm slices in order to syr2.1.2 Methane emissions (V)
chronize the peat cores with each other and to
calculate the post-drainage subsidence of the pedethane emissions in undrained and drained
surface. The peat C stores in undrained angkatlands in Finland have already been studied,
drained parts of the mire were then calculated t©.g. by Martikainen et al. (1995) and Nykanen et
the depth at which no further increase (causedl. (1998), and the qualitative effect of drainage
by drainage) in C density was observed. Thas reducing the CHemissions from the peatland
changes in C balances (peat, tree stand, grousdrface is fairly well known. However, as it was
vegetation) after drainage were calculated as theported that ClHemissions from drainage
differences between these drained and undrainédiiches of a peatland in northern Ontario exceeded

C stores. the reduction in emissions from the peatland sur-
face between ditches (Roulet and Moore 1995),
2.1.1.3 Tree stand simulations (IV) a study was conducted in Lakkasuo mire, to esti-

mate the importance of ditches in Gtnissions

Tree stand dynamics and C sequestration into trae Finnish conditions (V).

stands in four different drained peatland site types Methane fluxes from drainage ditches (ditch
and two macroclimatic regions in Finland werebottoms and sides) and adjoining strips between
simulated, using tree-level growth models bythe ditches were measured seven times at one
Hokka (1997) and Hokka et al. (1997) applied irweek intervals in fall 1995. The fluxes were meas-
the MELA stand simulator system (Siitonen eured at six different mire sites using static cham-
al. 1996), combined with biomass models devebers (diffusion and plant-mediated transport) and
oped by Marklund (1988) and Finér (1989) (V).inverted funnels (ebullition). Three gas samples



13

were taken from chambers with plastic syringetables for corresponding site types in upland for-
during a measuring period of 25 minutes, andsts (llvessalo and llvessalo 1975, Vuokila and
were analysed for CHvithin 24 hours by a gas Véaliaho 1980) and tree growth data for peatlands
chromatograph equipped with an FI detector. Thgeltikangas et al. 1986) were used to simulate
CH, flux was calculated by linear regression othe tree stand stem volume development after
the concentration change in three samples, usigainage. The standing stem volumes were con-
at least two replicate injections from each samverted to total biomass values using Finér’s
ple. The release of bubbles from the ditch bot1989) equation, and the stems removed in
toms was measured by floating inverted funnelthinnings were converted to biomass using dry
using a collecting period of one week. Becausmatter content 409 kg fnThe biomasses were
the CH, collected becomes diluted during theconverted to C using dry matter C content of
week, some fresh bubble samples, collected in®.519 (Seppala and Siekkinen 1993).
mediately after the ebullition event, were also For simplifying the calculations, it was as-
analysed for Cklconcentration. The bubble flux sumed that all the wood obtained from cuttings
was calculated using the volume of gas collectedas used for pulp and paper, which are the major
in the funnels and the CHoncentration of the end products in the Finnish forest industry
fresh samples. The integrated emissions frorfSeppéla and Siekkinen 1993). Logging residues
ditches were compared to those of undrained surere left out of the calculations as their biomass
faces, and the proportion of ditch emissions relawill finally become part of the soil organic mat-
tive to the total areal emissions was calculatedter (peat). The lifetimes of the wood products

were calculated according to Seppala and
2.1.3 Radiative forcing (VI) Siekkinen (1993).

Radiative forcing caused by the changes in
Post-drainage changes in the C balance a2D, and CH emissions were calculated using
radiative forcing of a pine mire in central Fin-the REFUGE model (Korhonen et al. 1993,
land was investigated by utilizing data on changeSinisalo 1998) for a period of 50 years before
in C stores in peat, tree stand and wood producand 300 years after drainage. Only the direct
(transformed to C&Xluxes) and Chifluxes. The radiative forcing effects of CHand CQ were
effect of NO emissions from drained pine miresincluded. Since the change in the organic matter
on the radiative forcing is minor compared to thateaching was small (Sallantaus 1992), the annual
of CH, and CQ (Martikainen et al. 1993, Laine net change in peat carbon store after drainage was
et al. 1996b), and was thus omitted from calculaassumed to be released directly to the atmosphere
tions. as CQ, and the release was assumed to be linear
The peat C store and Giata was collected during the whole 300 year period.

from an originally wet, minerotrophic mire site
at Lakkasuo mire, central Finland. The chang2.2 Results and discussion
in the peat C store was estimated using method
similar to that already described (intensive ma2.2.1 Peat subsidence
terial, l11): the pre-drainage C accumulation value
was the same as long-term accumulation rafhe surface of peat subsides after forestry drain-
(LORCA, sensu Tolonen and Turunen (1996)age. Subsidence in pine mires is, however, rather
and the change in the rate was determined tgmall and of short duration. Subsidence is mostly
comparing drained and undrained peat C storeswused by physical compaction rather than oxi-
above a synchronous baseline in the peat, Cldation of organic matter.
fluxes for undrained and drained conditions were
determined by a static chamber method (Martifhe average subsidence values in our study (ll)
kainen et al. 1992, 1995). Changes in tree staridr different region-site type combinations var-
C stores were calculated for two scenarios: ligd between 10 and 30 cm, and in study (lll) be-
without and 2) with cuttings. Growth and yieldtween 0 and 25 cm, depending on the site type
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and pre-drainage peat thickness. The values weer drainage increased amounts of litter are de-
similar to those reported by Lukkala (1949), foposited on the moss layer, and a raw humus layer
similar pine mires drained 5-13 years previouslypf 0-20 cm, with a mean of 8 cm, (Minkkinen,
14 - 43 cm, which indicates that most of the subdnpublished data, Kaunisto and Paavilainen
sidence has taken place soon after ditching, 4988) may be formed upon the original peat sur-
concluded by Lukkala (1949), Eggelsman (1976face. Since we included this layer in the post-
and Nesterenko (1976). Later on, the acceleratelainage thickness measurements, the subsidence
rate of organic matter decomposition and weightif the original peat surface has been actually
of the growing tree stand may have caused sorsemewhat greater (on average 8 cm) than the
further subsidence. However, subsidence was noteasured values which show the net change in
significantly correlated with temperature (temppeat thickness. However, even if the subsidences
sum, Table 4 in II), which is known to be an im-had been calculated without this layer, the aver-
portant factor in organic matter decompositiorage would still have remained similar to
(Nilsson and Berg 1986, Berg et al. 1993). Théukkala’s (1949) values, corroborating the con-
correlation was not significant even when the efelusion that subsidence of peat surface in forestry
fects of site type and tree stand volume, whiclrainage areas has mostly been caused by the
may interact with temperature, were removeghysical compaction of peat after water removal.
from the model. Tree stand volume, however, was
highly significant, when site type effects were2.2.2 Peat bulk density and carbon density
removed. Wetter and more nutrient-rich site types
had significantly higher subsidence values thaReat bulk density () and carbon density ()
drier and poorer types. increase after drainage. The increase is concen-

These results support the view that oxidatiotrated on the surface layers of peat but may reach
may not be of great importance in the subsiddown to deeper, almost permanently anaerobic
ence of the peat surface in boreal conditionpeat layers.
(Glenn et al. 1993) even in the long-term, it
mainly being caused by physical changes in pe&he D, and I of the surface peat (0-80 cm) had
structure, i.e. the immediate collapse of plansignificantly increased after drainage in all re-
structures after removal of water and the pregions and site types (I, Il); [yalues were 30-75
sure of the growing tree stand. Much higher sulikg m?® higher on the drained sites than on the
sidence values (of up to 4 metres in 130 years)hdrained (l) and Pvalues had increased by 10-
from warmer climates after drainage of peatland$2 kg m?® (I), depending on the site type and
for agriculture have been reported by Schothorsegion.
(1976, 1977) and Hutchinson (1980), and even The increase in Pand O may have several
numerous formulae for calculating subsidence inauses. Peat subsidence results in more com-
the period after drainage have been developgrhcted structure, thus increasing peg(lziho
(e.g. Eggelsman 1976, Nesterenko 1976). It iand Laine 1994, Rothwell et al. 1996, Silins
obvious that in these cases the peat soil has del®97). Peat compaction by the increasing weight
riorated by recurrent soil preparation and peaif the tree stand, the accelerated input of tree roots
oxidation under efficient drainage, a situatior(Laiho and Finér 1996), and enhanced oxidation
which is very different to that in forestry drain-processes in the deepened aerobic peat layer af-
age areas in Finland. ter drainage further increase the peaabd Q.

The subsidence of the original peat surfac@l).
may have been greater than the difference be- The C stores in peat C studies have usually
tween the measured peat thickness values in dogen calculated using,Dalues and a C concen-
study (l1). In the post-drainage vegetation suctration of 50%. However, the change ig €an
cessionSphagnaare gradually replaced by for- not be directly calculated from the change jjn D
est mosses lik®leurozium schreberfLaine et since the C concentration in peat also normally
al. 1995b). Because of enhanced tree-growth afaries between 50 and 60% (l), and also seems
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to increase after drainage. During oxidative mi2.2.3 Peat carbon balance
crobial metabolism, the elemental composition
of the organic matter changes continuallyThe rate of C sequestration (C balance) to peat
(Naucke et al. 1993) so that while the oxygemay in the long-term increase or decrease after
concentration decreases the concentration of cafrainage for forestry, depending on the peat nu-
bon increases. In our material (I, I) the C contrient level (mire site type) and climatic condi-
centration was slightly but significantly highertions (temperature sum).
in drained peats than in the undrained (+1.6%-
units), and within both undrained and drainedPeat C stores decreased in the most nutrient-rich
material C concentration correlated positivelsites (RhSR, VSN-fertilized), especially in the
with D, (I). Even though the difference in C con-north, but increased in the other, more nutrient-
centration between drained and undrained comoor sites (VSR, TSR, LkR, IR, RaTR)e av-
ditions may be small, it is significant when com-erage values varied between -7 and +19 kg?C m
parisons between the peat profiles of these siteser 60 years (ll), and between -1.8 and 2.1 kg C
are made. m2 over 30 years after drainage (lll), giving thus
The increases in pand Q. were highest in annual values between -120 and +320 gGam
southern Finland and in the surface layers of peafhe negative values mean C loss from peat (nega-
in southern Finland a significant increase was stitive C balance) and positive values C sequestra-
observed at a depth of 60-80 cm (I). Since thdon into peat (positive C balance).
water-table in drained peatlands only seldom The change in peat C store was positively cor-
drops below this levdlLaine 1986), decay proc- related with temperature sum and tree stand vol-
esses remain slow in these deep anaerobic layme and negatively with peat nutrient level (site
ers. As the fluctuation of the water table increasegpe; Il, 11l). The increase in peat C stores (i.e.
after drainage, the increases ip &d O may positive peat C balance) on the more nutrient-
thus be partly caused by relocation of soluble @oor sites means that increased net primary pro-
from the upper peat layers (Charman et al. 199duction (NPP) and input of organic matter in the
Domisch et al. 1998) and by recurrent compactiogoil as litter on these sites had exceeded the si-
during dry seasons under the increasing weigihtultaneously increased oxidation of organic
of the tree stand. matter. This negative correlation between peat C
The temperature sum and the volume of thstore change and nutrient level may be explained
tree stand correlated positively with the changby the greater fine-root production and a slower
in D¢ (I1). The temperature sum may affect peatlecomposition rate at nutrient-poor sites. On such
D. through enhanced decomposition of organisites the decomposition rate is naturally slower
matter in a warmer climate. However, it is obvithan on the more fertile sites, because the decom-
ous that temperature sum and tree growth apmsition rate depends on the availability of nutri-
positively correlated (Heikurainen 1973), and ants, especially nitrogen (Coulson and Butterfield
higher growth rate raises both the weight of th&978, Nilsson and Berg 1986, Aerts et al. 1995).
tree stand and the productivity (of the fine rootsplso, drainage on the poor sites is usually weaker
in a warmer climate, thus increasing peat than on the better sites and the oxidative, aerobic
contrast with peat subsidence, there was no clepeat layer remains quite shallow even after drain-
trend with Q. and nutrient level (site types), andage. When nutrient availability is low, trees have
the correlation with pre-drainage peat thicknest allocate more C on the root systems to get the
was negative. Whereas peat subsidence is goxital amount of nutrients, and the root produc-
erned by the physical change in the peat strution is greater than on fertile sites (Vogt et al.
ture when the water is removed, the change 1987, Finér and Laine 1998). The greater input
D. seems to follow the dynamics of C fixed byof roots and slower decomposition rates thus ena-
the growing tree stand and the temperature-déles higher C accumulation rates on the poor sites.
pendent processes in organic matter transform&till another factor that may influence the differ-
tions more closely. ences in C accumulation between site types is
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the larger proportion of broadleaved trees (mainlgistribution of measurement errors, the average
birch, Betula pubescenghrh.) in the nutrient- values were considered reliable, at least in show-
rich sites (Keltikangas et al. 1986). In nutrienting the trends between C balance and environ-
poor sites a raw humus layer is often formed omental variables.
the peat surface when the needle litter from trees Many studies (Silvola 1986, Glenn et al. 1993,
is mixed with mosses growing height. In the nuMoore and Dalva 1993, Silvola et al. 1996a) have
trient-rich sites, however, the birch leaf-litter mayreported increased C@luxes after water-level
cover the mosses and stop their growth quite effrawdown, and it has been concluded that this
fectively (Laine and Vanha-Majamaa 1992), thugventually leads to losses in peat C store (Silvola
preventing raw humus formation and consequenoge, Gorham 1991, Silvola et al. 1996a). How-
C accumulation on the original, pre-drainage peaiver, because of the simultaneously increased
surface. NPP, this does not seem to be the case in most
The greater increase in the peat C stores finnish drained pine mires. Silvola et al. (1996a)
South Finland may be related to better tree growlfpncluded that a drop of 1 cm in the WT increases
in the south (Heikurainen 1973) and the conse=Q, emissions by 9.5 g Cat in Finnish mires,
quent increase in tree stand biomass (IV), (Laihgnd that a drop of over 30 cm could not be com-
and Laine 1997) and production of tree litteihensated by the increasing NPP in boreal condi-
(Laiho and Finér 1996, Laiho and Laine 1996)tjons. Our measurements in Lakkasuo (I1)
which is resistant to decomposition processeghowed that the peat C store had indeed decreased
because of its high lignin content (Berg 19844 the site where the average drop in WT was
Meentemeyer 1984, Berg and Lundmark 1987highest (34 cm), and increased at the sites where
The only statlspcally significant losses Qf peathe drop in the WT was clearly smaller (13 cm).
C were found in the northernmost region (5- | practical forestry drainage areas the ditches
Lapland, 1, 1l) where the impact of drainage ofhtten get blocked by vegetation, keeping the av-
the growth of the tree stand is very smallaqe grop in the WT rather small but still quite
(Keltikangas et al. 1986), so that even a small,iapie hetween sites (Laine 1986). This may

mcregse In decomp05|t|onddu¢ to W?]ter'leveg:rtly explain the great variability in peat C bal-
drawdown may cause a reduction in the peat ce values among peatlands in the extensive

store. study material (Il). Because of the rather small

For gom;;srlsohn, there'are or:l;ea f[ew stud|de op in the WT after drainage for forestry, the
concerning the changes In peat & Stores and gx opic syrface peat layer remains thin (Lahde

balance in tree-covered peatlands after dralnagf%g), offering still quite hostile conditions for

'(\:/I'iﬁgr;?:lgI?g;ilo‘rj]gsl[%:s'e;:}(ldtﬁéﬁg:ljgsu'ir,: oxidation processes and enabling C accumula-
g 00 in peat even after drainage.

variable. Losses of peat C after drainage have
been reported by Sakovets and Germanova (1992) )

and by Braekke and Finer (1991). Trettin et al2-2-4 Vegetation carbon balance

(1992) reported a rapid decrease in the C store of ) _

a histic soil (thin peated mire) after whole-tree>€questration of C into peatland tree stands
harvesting and site preparation, includingﬁreaﬂy increases after drainage. Changes in the
trenching and bedding. Increase in peat C stofFound vegetation C stores are insignificant in
after drainage (although statistically insignificantcomparison to those of peat and tree stand, and
was reported by Anderson et al. (1992), who als@ay be left out of long-term calculations.
stressed the importance of accuracy in the thick-

ness measurements. In our study (I1) the inacctthe C store in the ground vegetation increased
racy in peat thickness measurements was rét2.4 g C nt a') or decreased (-4 g C#Ha)
flected by considerable C store variation betweeslightly from the pre-drainage situation depend-
measurement points. However, because of thieg on the site type, whereas in the tree stand, the
large number of measurements and the rando@ store increased on all sites varying from 13
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(RaTR) to 105 g C rha® (VSN). The change in 2.2.5 Methane emissions

ground vegetation C store was 3-13% of that in

the tree stand (ll1). Drainage reduces Ckemissions from peatlands
The C stores in ground vegetation (222-47%adically. However, ditches emit Gt a rate

g C m?) were similar to those in biomasses resimilar to undrained peatland surfaces.

ported by Kosonen (1981), Liedenpohja (1981),

Lindholm (1981), Vasander (1981, 1982) and he CI—.L fluxes from dra@ned peatlands were al-

Laiho (1996), for pine mires and treeless fens iWays highest from the ditch bottoms (0 - 595 mg

southern Finland. As the species compositioA?” d*) and clearly decreased towards the ditch

radically changes with the succession followin&"ljes (0 - 78 mg rhd") and strips (-3 - 33 mg #n

drainage (lll, Laine and Vanha-Majamaa 1992‘,1_) (V). The ebuliition of CH from ditch water

Laine et al. 1995a), the biomass distribution bel/as rather small, ranging from 3 to 37 mg.,CH

. m? d?, less than 10% of the GHux from the
tween different plant groups (e.g. mosses, ShrUb&tch water measured by the chambers.

sedges, herbs) also changes (Laiho 1996). The On minerotrophic sites, the Gifiuxes from

changes in the total ground layer biomass M3Pe drained strips had stopped completely, and

be proportionally very high during the succesgyan a small uptake was detected; on

sion (Laiho 1996), but as the biomass stays bginpratrophic sites the strip emissions were 10-
low 1 kg m# (c. 500 g C ), its importance rela- 400, of that of the undisturbed conditions. This
tive to the tree stand seems minor. However, gk largely caused by the oxidation of methane by
though the C store remains small, the C fixed byethanotrophic bacteria in the aerobic surface
the ground vegetation circulates rapidlypeat layer, which is thicker in the minerotrophic
(Reinikainen et al. 1984), and a considerablsites than the ombrotrophic. Similar results, as to
amount of C may flow into the peat throughthe drainage effect, have been reported by Glenn
above- and below-ground litter production (Finéet al. (1993), Roulet et al. (1993), Martikainen et
and Laine 1998). al. (1995) and Nykénen et al. (1998). The emis-
In the simulated tree stands, the total C storgions from the ditches were similar to the emis-
increased by 6-12 kg Ctaluring the first rota- sions measured from the undrained parts of the
tion following drainage depending on the site typgnire (Martikainen et al. 1992). Thus the areal
and macroclimatic region (V). This would meaneémission estimates of drained peatlands could be
an average annual C sequestration rate of 45-14@ughly corrected by regarding the ditch area (3-
g C m? a’. Averaged over two rotations, the in-5% of the total area dr'alned) as undisturbed mire
crease in the total C store was 3-6 kg€ com- Surface. However, if the CHfluxes from
pared to the situation before drainage. In thendrained mires were very low, as in more conti-
unthinned stands the average C stores increagég{]tal peatland_s n Canada (Rou_let and Moore
by 8-15 kg n? during the same periods. Of thet 95), the relative impact of the ditches may be
total tree stand C store, 70-75% was in stems arrlT&UCh greater.
crowns and 25-30% in stumps and roots (wit - .
diameter > 1cm). Coarse roots (diameter>1cn%'2'6 Radiative forcing

alone contained 19-23% of the C store in th%)rainage changes the C dynamics of mires and

stand. thus their radiative forcing. The increasing se-

The sequestration of C in the tree stand seem§estration of C in tree stand and decreasing CH
to be an important sink for atmospheric C at lea:

g - ' ] issions may cause a decrease in radiative forc-
during the first post-drainage rotation. Howevering (a cooling effect) even on nutrient-rich mires,

an even more important function of trees in theyhere losses of C from peat are evident.

C balance of peatlands may be the increased C

input to the peat through the production of littelin our simulation study (VI), C was accumulated
(Finér and Laine 1998). into the peat of an undisturbed minerotrophic pine
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fen at a rate of 21 g-fnwhile 7.3 g C niatwas (ll, lll) and in the modelling of the atmospheric
emitted into the atmosphere as methane. The trbehaviour of the greenhouse gases (Houghton
stand C store was in a steady state (0.7 kgl m 1996). If a peatland was permanently changed
Drainage stopped the GHmissions com- from a C accumulator to a C source for the at-
pletely and caused a small loss of C (-14 g€ mmosphere, the effect of the mire on the radiative
a') from peat (as C£. The sequestration of C in forcing would inevitably become positive at some
the tree stand increased considerably, and thestage in the future. However, over a potential
store grew to 12-14 kg C-frin 100-150 years greenhouse effect mitigation period of 100 years,
after drainage, depending on the tree stand sqgPCC 1996¢) drainage of peatlands for forestry
nario (cuttings/no cuttings). All merchantabledoes not appear to increase radiative forcing, even
wood obtained in the cuttings was manufacturedith small losses of peat C.
into pulp and paper, which are very short-lived
products; nearly all of the C store in these prod-

ucts was lost to the atmosphere during the firg Forestry drainage in Finland and

10 years after cutting. This is in accordance wit
the average lifetime of wood products manufactehe greenhouse effect

tured in Finland, as the major end-products in 1Th h
Finnish forest industry are, in fact, pulp and pa>-1 Th€ approac

per. According to Seppéla and Siekkinen (1993}, . )
75-80% of the C bound in the raw wood in Eind" this section the changes caused by forestry

land is lost to the atmosphere in the first five eagrainage in the C balance and radiative forcing
after cutting. P y of Finnish peatlands from 1900 to 2100, are cal-

The pre-drainage C accumulation in peat antaulate.d. The information L_Jsed is the changes in
ndrained and forestry drained peatland areas and

CH, emissions from the peat surface togeth . ; X .
‘ P ¢ ?\e drainage-induced changes in C sequestration

caused negative radiative forcing (i.e. a coolin ) :
effect) of -0.3 nW i per hectare of peatland. ates and CHfluxes in the peatlands during the

Drainage and the following forest succession ofidlculation period. The calculations thus include

the mire further decreased the radiative forcingnIy undrained peatlands and those_ drained for
down to -0.8 "W ra during the first tree stand orestry but the impacts of other main forms of

rotation. The decrease in radiative forcing waB€atland utilization (peat harvesting, agriculture)

caused by the ceasing of Cémissions together &€ also discussed.
with the increased sequestration of d@ the
tree stand, but only a small decrease in the sai2 Calculations
carbon storage (i.e. increase in J#nissions).
Wood products had only a minor, short-lived ef3.2.1 Peatland area
fect on radiative forcing, because of the short life-
cycle of pulp and paper. 3.2.1.1 Inventories: 1900-2000
In the treated-stand scenario radiative forc-
ing was raised above the pre-drainage level forhe calculations were made for 10 site-type
20 - 30 years after each clear-cutting, but wagroups and 5 regions: R1 - Southern Finland, R2
rapidly decreased again as C was sequesteregastern Middle Finland, R3 - Western Middle
from the atmosphere back into the tree stand. Ekinland, R4 - Northern Ostrobothnia and Kainuu
pressed as time-integrated averages over 3@0d R5 - Lapland. These selected regions repre-
years, drainage of the mire decreased the radiatigented different climatic conditions as well as the
forcing by c. 40% for the tree stand scenario wittiwo major peatland zones, R1-R3 belonging
cuttings and by c. 100% for the untreated stanahainly to the raised bog zone and R4-R5 belong-
scenario. ing to the aapa mire zone (Seppa 1996) (Fig. 2).
Radiative forcing calculations contain uncer- The mire site types (Table 1) were grouped
tainties, both in the determination of the C fluxesiccording to the post-drainage development of



19

the vegetation (especially tree stand growth
(Laine 1989, Laine and Vasander 1996) and theii
similarity in greenhouse gas emissions, both
which are based on the nutrient availability, wa
ter table level and tree stand characteristics ¢
the sites (Keltikangas et al. 1986, Silvola et al,.
1996a, Nykanen et al. 1998). The site type group:
ing mainly follows the classification of forestry-
drained peatlands (Laine 1989) in which the origi
nal, undrained site types are parallelled by drainec
site types, into which they develop after drain
age (Table 1).

The initial areas for drained and undraine
peatlands in different regions and site types were
obtained from the results of the Third Nationa
Forest Inventory (NFI 3) in 1951-1953 (llvessal
1957). In NFI 3, the areas of drained an
undrained peatland are given by 20 forestry boaric

R5
(2.8/0.8)

Aapa mires

R4
.5.0(0.7/11.6)

av
PRS

R2 v eists

(0.3M:4) s R3**""

70° N

65°—

districts and 25 mire site types (site type classifi
cation according to Lukkala and Kotilainen
1951). The total area of peatland on forestry lan
was 9.7 million hectares of which 8.8 mill. ha
was still undrained. The changes in these are
from 1950 back to 1930 and forward to 1978 wer
calculated according to the forestry drainage are:
inventory by Keltikangas et al. (1986). The de
velopment from 1978 to 1998 was calculated
using the annual forestry-drained area statistics o _ _
in the various regions (MetsétiIastollinenFlgure 2. Peatla}nds in Finland (gre)_/ shading), the outlines
L . . . _of the study regions (R1-R5, black lines) and present areas
vuosikirja 1979). These statistics provided no IN3f undrained / forestry-drained peatlands in the regions
formation on peatland site types, and thus thgnillion ha), and the borderline between raised bogs and
same proportional change in site-type areasapa mires (dotted line). Map modified from Lappalainen
(within regions) as in 1970-78 (Keltikangas e{1982).

Raised'bogs

R1
(0.1/0.8)

60°—

Table 1. The description of mire site-type groups. The names of the undrained and drained site types are from (Laine,
1989).
# Name of site-type group

Undrained site type Major tree species

1 Herb-rich type LhK, RhK, VLK Norway spruce / deciduous species

2 Vaccinium myrtillugype (1) MK, KgK, (PK) Norway spruce

3 Vaccinium myrtillugype (I1) RhSN, VL, RiL, RhRIiN treeless

4 Vaccinium myrtillugype (II) RhSR, (RhSK), KoLK, LR, VSK Scots pine / Norway spruce / decid. species
5 Vaccinium vitis-idaedype (I) KR, KgR, PsR, PsK Scots pine

6 Vaccinium vitis-idaedype (Il) VSN, VRIN treeless

7  Vaccinium vitis-idaedype (I) VSR,TSR Scots pine

8 Dwarf-shrub type IR, TR Scots pine

9 Cladinatype RaN, LkN, (LkKaN) treeless
10 Cladinatype RaR, KeR, (LKR) Scots pine
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al. 1986) was used. The proportion of draine®.2.2 Carbon balance

paludified mineral soils was subtracted from all

areas according to Keltikangas et al. (1986). 18.2.2.1 Areal dynamics

1900 all peatlands (a total of 9.7 mill. ha; llvessalo

1957) were assumed to be undrained and tfie dynamics of the C balance and the net CO
change from 1900 to the 1930 was assumed &d CH fluxes on Finnish peatlands both drained
be linear. The drainage activity on previouslyfor forestry and undrained were calculated for

undrained peatlands was assumed to have endg®f Site type group in each region by multiply-
by 1998. ing the undrained and drained areas by the corre-

In some regions and site types (especially n ppnding c balancg and gas flu?< values. Calcu-
tions were done in 5-year periods for the pe-

trient rich fens) the areas derived from llvessald:

(1957) and Keltikangas et al. (1986) were incomr-Iod 1900-2100.
patible with each other. The differences may havg 2.2 2 Peat C balance values
been caused by subjectivity in the determination™ "

of site type and by various sampling errors. | he peat C balance values for the undrained
these cases the calculations were done mai

) oo atlands were derived from the long-term C ac-
after Keltikangas et al. (1986) by “moving” the o\mation rates for undrained mires in Finland

area needed from one site type to another relgien by Turunen et al. (1999b). As these values

tively similar one. were calculated assuming a C content of 50% of
dry matter, they were corrected to the C content
3.2.1.2 Scenario: 2000-2100 of 54% (I, Il, Lappalainen 1996).

The corresponding peat C balance values for
The drained peatland area maintained in produdrained peatlands were derived from the data in
tion forestry may be expected to decrease in trgubstudy (II), using values predicted by a
future. Sites too poor for tree growth will be leftmultilevel regression modey£constant+region
out of forestry use and only the appropriate sitessite type+random errorsthe common structure
will be maintained by repetitive drainage opera®f the model is defined more closely in the

tions. Itis probable that in the poor sites the partiubstudy Il). These values represent the average
grown tree stand will be harvested and the sife Palance for the area between the ditches and

either abandoned or actively restored as a mifé€"e thus corrected by ditch area (5%), assum-

ecosystem. Thus all sites marginal for produc™9 2€0 C balance values for ditches.

tion forestry reverted from drained to undrained The annual C balance values (g Caj) for

peatlands after the first (theoretical) tree stang'ﬁerent reglons a’?d site type groups are shown
. 1IN Table 2. Similarity in average tree stand and

rotation (see IV for rotation times). Suc_h sites "Eeat properties and WT levels were used as the
the whole c_ountry were the mpst nutrlentfpoo uideline for extrapolating values for the drained
ombrotrophic bogs (i.e. theladina types, site e gominated site types (i.e. the originally tree-
type groups 9 and 10) and half of the dwarf-shru&ss site types 3 and 6) no direct measurements
sites in regions 2 and 3 (group 8), all dwarf-shrub¢ \yhich were done. As no information from
sites in region 4, and all other sites but herb'riCBpruce-dominated, shallow-peated mires was
(group 1) andvaccinium myrtillussites (groups available (site type groups 1, 2 and 5), the change
2-4) in region 5 (see Table 1 for a description ofn C balance was assumed to be zero, i.e. the same
site types). Altogether 1.7 million ha (30% of thevalues were used for both drained and undrained
present area) of forestry-drained peatlands woulsites. As similar assumption was made with the
thus be abandoned, leaving c. 4 million ha fomost nutrient-poor ombrotrophic bogs (site type
production forestry. These sites were assumed gwoups 9 and 10), where drainage-induced
undergo maintenance drainage at 40-year intethanges in peat properties and tree growth
vals. (Keltikangas et al. 1986) are quite small. Thus,
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the effect of forestry drainage on peat C storemachinery, it may be expected to decompose
and C balance is based on the changes in ordgrobically much quicker than in the quite lim-
five site-type groups out of ten, which must béted aerobicity in the undisturbed peat layers. The
remembered in interpreting the results. The redmpact of ditch spoil bank decomposition on the
sons for and consequences of these assumptidotal peat C balance was estimated by using a

will be discussed. simple exponential decay model, y=y0*exp(-kt),
(Olson 1963), in which the remaining mass (y) is
3.2.2.3 Total peat C store dependent on the original mass (y0), time (t), and

a specific decay constant (k). As there are no
The total peat C store in Finnish peatlands in 1950easurements of the decomposition rate of ditch
was calculated using the areal distribution andpoils, the decay constant for pine logs (k=0.033)
mean depths of peatlands given by llvessalsuggested by Krankina and Harmon (1995) was
(1956, 1957), the mean mass of dry organic mattsed. This means that half the ditch spoils would
ter per unit area for these peatlands given hye decomposed in 20 years and 90% in 70 years.
Turunen et al. (1999b) and the C concentrationghe study by Krankina and Harmon (1995) has
in dry organic matter (mean 54%, I, Il). The peabeen conducted in conditions similar to southern
C store was first calculated for all peatlamdth- ~ Finland (region 1, J...4 °C). Since aerobic de-
out the impact of drainadier the year 1950. The composition is temperature dependent, k was cor-
C store in 1900 was then calculated by subtractected for other study regions using the equation
ing from the 1950s value the estimated amoungfiven by Liski et al. (1999): kk,*(1+0.079*
of C accumulated in these peatlands in the paék,...:4)), where k is the original k-value (re-
50 years. The peat C store development of afiion 1) and T..,is the mean annual temperature
peatlands (forestry drained and undrained tasf the region specified.
gether) from 1900 to 2000 was integrated in one- The original mass of C in ditch spoils was

year periods. estimated using the normal ditch dimensions
(depth 80 cm, width 136 cm; Paavilainen and
3.2.2.4 Impact of ditch spoil banks Paivanen 1995). The volume of peat lifted would

thus be 0.76 Am?, making c. 10 000 kg C ha
Drainage on peatlands has an impact which hagth normal ditch spacing of 35 m (Sevola 1998),
not been considered before in this thesis, the dbulk density of 82 kg m(l) and C concentration
composition of ditch spoil banks. When peabf 54% (I). Since a large proportion of undrained
which has been in anaerobic conditions is liftednires have had thinner peat layers than the nor-
onto the soil surface and effectively disturbed bynal ditch depth (85cm), the mass of C in ditch

Table 2. Peat carbon balance values (gCafh used in the calculations (1900-2100) for different regions and site-
type groups. Positive values indicate C sequestration to peat, and negative values C loss from peat. UD=undrained,
DR=drained.

Region 1 Region 2 Region 3 Region 4 Region 5

Site type group ub DR ub DR ub DR UbD DR Ub DR
1 29 29 29 29 29 29 24 24 23 23
2 29 29 29 29 29 29 24 24 23 23
3 18 183 18 14 18 -2 17 -27 17 -127
4 18 183 18 14 18 -2 17 -27 17 -127
5 16 16 21 21 21 21 28 28 27 27
6 19 298 19 129 19 113 16 88 17 -12
7 18 298 20 129 20 113 18 88 17 -12
8 33 349 38 180 38 164 22 139 22 39
9 21 21 21 21 21 21 17 17 17 17

=
o
w
N

32 35 35 35 35 17 17 17 17




22

spoils was calculated by using the information 10000 ;
on peat thickness on different mire site types
(Ilvessalo 1956). This data was used for first-time
drainage. In maintenance drainage operations thg 6000 1
mass of ditch spoils is smaller, since a large part
of the drainage is merely cleaning of old ditches%
(Sevola 1998). For ditch cleaning, 1/3 of the mass 2000 |
of new ditches was used.

An example of ditch spoil bank decomposi-
tion is shown in Figure 3. The impact of the ditch
spoil bank decomposition on the total peat C bal-
ance was calculated separately and is taken into Years after drainage
account as a separate option later in this study in

the total C balances and radiative forcing valuegigure 3. An example of the calculation of ditch spoil bank
decomposition in the VSR (tall sedge pine fen) site type in

southern Finland, with first-time drainage and four main-
tenance drainages. The mean thickness of peat in this site
type in the undrained state is 70 cm, totalling 8000 kg C
The tree stand C balance was derived frorma® in ditch spoil banks in first-time ditching. The corre-
simulations using the technique described ifponding masses of C in the succeeding maintenance

substudy (IV). The development of the tree stang""inages are 2400 and 1800 kg C.Hizecomposition of

8000 1

4000 -

0 50 100 150 200

3.2.2.5 Tree stand simulations

. . : e spoil bank was calculated at a rate of 0.088fahe
after drainage was SI,,mu!_atEd using the t!’,ee__!ev iginF;I mass (see the methods section). The solid line in-
growth models of Hokka (1997) and Hokka €ljicates the total C and the dotted line the C from the suc-
al. (1997) in the MELA stand simulator systemceeding ditchings.

(Siitonen et al. 1996). Data from Heikurainen
(1971), Gustavsen and Paivanen (1986) and
Hokka and Laine (1988) were used to form thé which the total C balance of all wood products
initial diameter and stem frequency distributiongnanufactured in Finland in 1990 is given as a func-
for different site-type groups and regions, and théon of time after cutting. This model indicates
corresponding tree heights were calculated ughat 92% of the C store is lost to the atmosphere
ing models developed by Hokka (1997). Treeluring the first 10 years, but after that the decom-
stands were grown, thinned and regenerated pesition is very slow, since the remaining C is
in (IV), in which thinning and regeneration in- bound in very long-lived wood products (Fig. 4).
tervals were based on the fertility of the site type
and the geographical location in Finland. Tres.2.3 Greenhouse effect
stands on undrained peatlands were assumed to
remain unchanged. 3.2.3.1 Gas flux calculations

The above-ground biomasses of the trees were
calculated separately for merchantable stem arithe peat C balance values determined (Table 2)
crown (logging residues) using stand-levelnclude the net C exchange as &0 CH,-C and
biomass models (IV) derived from the tree-leveDOC (leaching of C) during the measurement pe-
biomass models of Marklund (1988). Theriod. The net leaching of dissolved organic car-
biomasses were transformed to carbon by an alen (DOC) from undisturbed mires has been quite
erage pine tree C ratio of 0.52 (Laiho and Lainsmall (Sallantaus 1992, Sallantaus and Kaipainen
1997). 1996) and has been assumed to remain unchanged

After cuttings, the C in the merchantableafter drainage (Ahtiainen 1988, Sallantaus 1994),
stemwood was removed from the peatland andhereas CHfluxes are known to change drasti-
processed into wood products. The C store devatally (e.g. Nykanen et al. 1998). Thus the net-CO
opment of wood products was calculated accord: fluxes needed for radiative forcing simulations
ing to the model by Seppala and Siekkinen (1993)yere calculated by adding the C lost from peat
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Tree stand above ground
— — Wood Products

kg C m?
D

0 50 100 150 200

Years after drainage

Figure 4. An example of the calculation of C store dynamics in a forestry-drained tree stand (VSR, southern Finland)
undergoing normal harvesting procedure. When harvested, some of the C in the tree stand biomass (merchantable stems)
enters wood products from which C is lost to the atmosphere in decomposition processes. The data for the figure was
derived by simulating VSR stands in southern Finland using the MELA stand simulator (Siitonen et al, 1996; IV). The C
stores in the trees were calculated using the tree-level biomass models of Marklund (1988) and an average C ratio of pine
trees, i.e. 0.52 (Laiho and Laine 1997). The decomposition of wood products was calculated according to the model by
Seppéala and Siekkinen (1993).

as CH-C (Table 3) to peat C balance values (Ta3.2.3.2 Radiative forcing simulations
ble 2), and leaching as DOC was omitted. The
data from Nykanen et al. (1998) was used foy CHRadiative forcing resulting from the net Cénd
fluxes (Table 3), but the flux estimates were firs€CH, fluxes was calculated in two stages using
corrected by the ditch area according to substudje REFUGE model — a computer program de-
(V). For the tree stand, all the C sequestered waégned to calculate global average radiative forc-
converted to CQ ing caused by greenhouse gas fluxes (Korhonen
et al. 1993, Savolainen and Sinisalo 1994,
Sinisalo 1998). The fluxes were first converted
Table 3. Net CHC flux values (g C ma’) used inthe  jnto atmospheric concentration change. This
calculations fordlff_erent sne-type_ groups for Fhe_ whole change depends on the flux rate and the mean
country. The negative values indicate gEHemissions lifeti fth d th iv b lcu-
from peat into the atmosphere. ireime of the ga,s' an Ca,n us easily e_(,:a cu
lated for gases like CHwhich have a specified
lifetime in the atmosphere. Since €Bas no
Site type group Undrained Drained  specified lifetime, modelling approaches in which
transport of CQto the oceans is taken into ac-

; :8'1 g'g count are used. In REFUGE, the pulse response
3 82 10 function corresponding to the background situa-
4 203 0.9 tion of 25% of extra carbon dioxide in the at-
5 4.4 -1.0 mosphere (Bern-model without biosphere; IPCC
6 -20.3 -0.9 1997) was used for COThe concentration

7 -20.3 -0.9 changes were then converted into radiative forc-
g '3-‘6‘ '(15-2 ing using the gas-specific functions given by
10 40 19 IPCC (1997). Only the direct radiative forcing

of CO,was taken into account, but the indirect
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impact of CHwas also calculated . Increased,CH 4000 -

concentrations enhance the formation of tropo- =
spheric ozone and the decay of Qioduces 3000 1 K
water vapour in the stratosphere, which togethegj
increase the radiative forcing of methane by 205 2000 - R4
30% (IPCC 1994). § R2
R3
3.3 Results 1000 + R
3.3.1 Areal development of forestry drainage 0 ‘

1900 1920 1940 1960 1980 2000
Drainage of peatlands for forestry purposes re- Year

mained at a relatively low level until 1960, when

8.3 mill. ha, i.e. 86% of the total area of 9.7 millFigure 5. Undrained peatland area by study region. See
ha was still undisturbed. A big leap was takef'd: 2 for location of regions in Finland.

during the next two decades when an additional
area of 3.6 mill. ha was drained for forestry. This
meant that half (5 mill. ha) of the total peatland
area in Finland, and nearly all potential sites for
forestry use, had been drained by 1980. Since an
additional peatland area of 0.5 mill ha was rew o
served for conservation (Valtakunnallineng
soidensuojelun ... 1981), the drainage activitys
slowed down rapidly in the 80s.

At present a total of 5.7 mill ha, i.e. almost
60% of the peatland area in Finland has been
drained for forestry. This area may be expected 0
not to increase further, because rare biotypes, such
as fertile or treeless mires, are nowadays con-
served by law and no more grants are given fafigure 6. Undrained peatland area in Finland by site type
the first-time drainage of peatlandsgroup. The dotted line depicts treeless mires and the hatched
(Metséatalouden saadokset 1997). The scenariolisfe composite types. See Table 1 for descriptions of site
the drainage area development shows instead tf#€ 9roups.

c. 30% of presently drained areas would be left

out of production foresty. However, as appropri-

ate drainage must be maintained in the areas re- The site-type groups most commonly drained
maining in production forestry (c. 4 mill. ha), thisare the treed/. vitis-idaeasite types (groups 5
would mean an average yearly area of 70 0ooand 7, Fig. 6), consisting mostly of pine mires
80 000 ha undergoing drainage measures (Sevdleable 1). Their combined area is 2.3 mill. ha,
1998). which is c. 40% of the total peatland area under

Most of the drained peatlands are situated ifirainage and c. 80% of their original area before
northern (R4; 1.6 mill. ha) and western (R3; 1.4lrainage operations. Somewhat less drained site
mill.ha) Finland (Fig. 5) , where the peatland protyPe groups include th¥acc. myrtillustypes
portion of the land area is high as well (Fig. 2)(spruce mires, groups 2 and 4) and the most in-
However, drainage has been most intensive in tfértile pine mires (Dwarf-shrub an@ladina
southern and eastern Finland, where c. 90% &fPes, groups 8 and 10). Drainage activity has
the peatland area has been drained, whereas oRfen least on the originally treeless mires of
a little more than 20% has been drained M ich c. 80% has remained in its natural state
Lapland. (Fig. 6).

1600 -

1900 1920 1940 1960 1980 2000
Year
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1900 1950 2000 Figure 8. Total peat C balance of undrained and forestry

drained Finnish peatlands 1900-2000 with and without the

Figure 7. The peat C store in Finnish peatlands (undrainé@pad of ditch spoil bank decomposition.

and forestry-drained together). The value for 1950 is based
on inventory data (llvessalo 1956, 1957) and peat sample
material (I; Turunen et al. 1999b). The values for 190@missions (Fig. 7).
and 2000 have been calculated fr.on’! the 1950 valug using The C sequestration rate has decreased in
e et ey e o e Lapland (RS) bt increased i all other regions
zontal line in the white bars depicts the C store with thg_zlg' 9). _The mcrez_ise in C Se_queStra_tlon_ has been
inclusion of the estimated C loss from decomposing ditcRlighest in the nutritionally oligotrophic site-type
spoil banks (Fig. 8). groups 7 and 8 (sparsely-treed pine mires) (Fig.
10), in which the increases in C balance values
and drained areas were also high (Table 2, Fig.
3.3.2 Carbon balance of Finnish peatlands  6). The increase in the C sequestration rate over
undrained conditions was six-fold (from 0.22 to
3.3.2.1 Peat 1.16 Tg &) on site-type group 7 and four-fold
(from 0.33 to 1.37 Tg§ on group 8. On the
The total C store in peat was calculated at 5.5 Fgite-type group 6, with the same C balance val-
in 1950, 5.4 Pg in 1900 and 5.6 Pg in 2000 (FigJes as group 7 but a proportionally much smaller
7). The rate of C sequestration into peat in Finrdrained area, the C sequestration rate has “only”
ish peatlands has increased because of forestigubled from the undrained conditions. On the
drainage from 2.2 Tg'a(22 g n? a’) in 1900, more nutrient-rich site-type groups 3 and 4
when all peatlands were still undrained, to 4.2mesotrophic, treeless and sparsely-treed com-
Tg a' (44 g n? a?) at present (Fig. 8). The presentposite types) the sequestration rate has decreased
values for undrained and forestry drainedrom the original value and group 4 has even be-
peatlands are 0.8 Tg &1 g n¥ a') and 3.4 Tg come a net source of peat C to the atmosphere
al (60 g n¥ al) respectively. Inclusion of the GO (Fig. 10). On other site-type groups no change in
emissions from decomposing ditch spoil bank§& sequestration rate was assumed, as mentioned
would decrease the total value by 0.9 Tgso in the “calculations” section.
that the present C balance would be 3.4 TFg a
(35 g n? a?) for the whole country and 2.5 Tg a 3.3.2.2 Tree stand
(45 g n? a?) for drained peatlands and the in-
creasing effect of drainage would thus be onlyrhe C store in the above-ground tree stand was
1.0 Tg &. Forestry drainage would thus have in€estimated at 63 Tg in 1900, when all peatlands
creased the peat C store by 0.08 Pg (=80 Tg) coiwvere undrained. Forestry drainage has increased
pared to the undrained situation during this certhe C store to 170 Tg at present and the C store is
tury or by 50 Tg accounting ditch spoil bankpredicted to keep increasing until the 2040s when
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Figure 9. The effect of forestry drainage on the peat C bakFigure 10. The effect of forestry drainage on the peat C
ance by study region (without the impact of ditch spoibalance by site-type group (without the impact of ditch
bank decomposition). See Fig. 2 for the location of thepoil bank decomposition). Unmarked site-type groups
study regions in Finland. were assumed to have no impact on peat C balance.

it will exceed 230 Tg (Fig. 11). It will then start to 3.3.3 Greenhouse impact of forestry drainage
diminish because of increasing cuttings and will
fall to 135 Tg in 2100. The C store in wood prod-3.3.3.1 Changes in the Gldnd CQ fluxes
ucts, 10 Tg at present, is calculated to rise stead-
ily during the whole period, reaching 38 Tg inMethane emissions from peat into the atmosphere
2100 (Fig. 11). have decreased from 0.9 to 0.4 Tg,&Ha* (i.e.
Most C is sequestered in the tree stands of sithhe net CHC exchange between peat and the
type group 2Vaccinium myrtillugype 1), although atmosphere has changed from -0.9 to —0.4 Tg
the greatest increase has occurred in groupGQH,-C at, Fig. 15) because of forestry drainage
(Vaccinium vitis-idaedype 1) (Fig. 12). Tree during this century. The corresponding SE
stands onvVaccinium myrtillustype | are already emissions from the undrained peatlands are 0.35
rather dense in their natural state, whereaBg a* and from the drained 0.06 Tg at present
Vaccinium vitis-idaed| site-types are quite (Fig. 16). In the future the total GHmissions
sparsely-treed when undrained. If site-type groupere predicted to rise again slightly because of the
are combined by nutrient level but keeping origiabandonment of nutrient-poor peatlands and the
nally treeless sites separate, it can be seen that twnsequentrise in the WT level at those sites (Fig.
C store inVaccinium vitis-idaeaites is on a par 15).
with Vaccinium myrtillugypes, Dwarf shrub types The net changes in the peat £0 fluxes are
are clearly lower an@ladinatypes have remained a bit higher than the changes in C sequestration
unchanged (Fig. 13). The impact of the originallyin peat since they were calculated by adding the
treeless sites and the most fertile site type grougslost from peat as CFC to peat C balance val-
(Herb-richtype) has been quite small because afies. The rate of CEC sequestration into peat
the small areas of drainage on these site types (Fltas thus increased because of forestry drainage
6). from 3.1 Tg & in 1900 to 4.6 Tg-aat present,
The increase in the tree stand C store has beand is predicted to decrease slightly to 4.4 Tg a
clearly greater than that in the peat (Fig. 14). Howin 2100 (Figs. 15 and 16). Inclusion of ditch spoil
ever, if the sequestration of C in peat remains lirsank emissions would drop the present value by
ear, the impact of forestry drainage on the peat @.6 Tg &, but by 2100 this ditch spoil bank con-
stores would eventually exceed the impact on thigibution would decrease to less than 0.2 Tg a
tree stand, even if some C is always being seque$ig. 15).
tered in very long-lived wood products (Fig. 14).  The rate at which CEC is sequestered into
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tree stand and wood products and released froB¥ Discussion

them back into the atmosphere varies consider-

ably with time (Fig. 15). At present the seques3.4.1 Peatland area

tration is at its highest, i.e. over 3 Tg CO a*

(3.0 Tg & in the above-ground tree stand and'he third National Forest Inventory (NFI 3) in
0.2 Tg & in wood products) but it will start to 1951-1953 (llvessalo 1956, 1957) is the most
decrease after increasing removals of timber aiccurate inventory covering undrained peatlands
the beginning of the 21century. Around 2045 in Finland. This was also the last NFI in which
more CQ will be released than sequestered, budrained and undrained peatland site types were
before the end of the century the total,&bal- accurately determined, thus giving the best ref-
ance between tree stands and wood products wdtence point for calculations.

be positive again (Fig. 15). According to NFI 3 the total area of peatland
on forestry land was 9.74 mill. ha in the 1950s.
3.3.3.2 Change in radiative forcing According to the last NFI (NFI 8; 1986-1996,

Sevola 1998) the area of undrained mires was
Forestry drainage has already decreased tHe25 million ha, indicating that peatlands drained
radiative forcing of Finnish peatlands by 2.4 mWfor forestry or otherwise utilized would have cov-
m2 since the beginning of the century and thered altogether 5.49 million ha at the beginning
decrease will be at its highest value of -2.8 mViéf the 1990s. Since NFI 8, 0.104 mill. ha of pre-
m? from 2030 to 2050. The decrease is causadously undrained peatlands have been drained
by increases in the CG@equestration into peat for forestry (Sevola 1998), giving areas for
(-0.2 to -0.3 mW i) and into tree stands anddrained and undrained peatlands of 5.59 mill. ha
wood products (-0.8 to -0.9 mW#nand by the and 4.15 mill. ha respectively. As c. 0.15 mill. ha
decrease in CHemissions from peat to the at-of peatlands have been put to uses other than for-
mosphere (-1.4 to -1.5 mW-in(Fig. 17). Inclu- estry (peat harvesting, agriculture, construction
sion of ditch spoil bank decomposition wouldof roads and water reservoirs) after NFI 3
raise radiative forcing by 0.1 — 0.2 mW2nin-  (Paavilainen and Tiihonen 1988, Vasander 1996),
creased COemissions from wood products af-5.44 mill. ha is left for forestry-drained peatlands.
ter 2050 and the decrease in the drained peatland This area is somewhat smaller than the 5.7
area will diminish the impact of forestry drain-mill. ha, calculated as forestry-drained peatland
age to -2.0 mW by 2100. area in this study, but clearly greater than the area
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Figure 12. Tree stand C stores in Finnish peatlands by siteigure 13. Tree stand C stores in Finnish peatlands by site
type group. The dotted line depicts treeless mires and tiygpe group, combined by similar nutrient levels. Originally
hatched line composite types. See Table 1 for descriptiotieeless types are shown as a separate group (dotted line).
of site type groups.

of forestry-drained peatland given in NFI 8 (4.67>30 cm, peatland area > 20 ha), with a corre-
mill. ha). This figure from NFI 8 is clearly an sponding area of 5.1 mill. ha. Combining that data
underestimate, since some drained peatlands hawih results of this study, peatlands smaller than
been classified as mineral soils in NFI 8 becauszd ha would cover 4.6 mill. ha and store 2.3 Pg
of the shallow peat layer at those sites (Paivanedi carbon.

and Paavilainen 1996, Tomppo 1999). It is also The dynamics of the areal peat C balances
probable that the forestry-drained area calculateslere calculated as the change in the areq (m
in this study (5.7 mill. ha) is an overestimate. Irand corresponding C balance estimates (g%C m
the annual drainage statistics used in the study). The change in areas is considered relatively
by Keltikangas et al. (1986) some maintenanceliable, whereas the changes in the measured C
drainage operations had been classified as firdtalance values involve much more uncertainty,
time drainages, i.e. some drainage areas had beendiscussed in Il. The extrapolation of these val-
counted twice (or several times) in the drainagaes to the other site types introduces further un-
statistics. The effects of drainage on C balanagertainty into the results.

and radiative forcing in Finnish peatlands may Some site types were assumed not to alter

thus also be slightly biased in this sense. their peat C sequestration rates following drain-
age. This was done mainly because no C balance
3.4.2 Carbon balance measurements from these sites were available.

On the most nutrient-poor, ombrotrophic sites
The total peat C store in Finnish peatlands in 195@roups 9 and 10) drainage usually results in only
was calculated at 5.5 Pg. This value may be comsignificant changes in the vegetation, justify-
sidered the best estimate possible, since itis based the zero-effect for those sites. However, the
on the most accurate areal inventory of peatlandgneral trends in C balance studies (ll, I, Silvola
(llvessalo 1956, 1957) and the most representat al. 1996a) suggest that the site-type groups 1
tive sample material available (Turunen et aland 2 as nutrient-rich ones (Table 1) might in-
1999b, and substudy Il). The value is somewhatrease their net C emissions after drainage. Also,
smaller than that provided by Ahlholm andthe rate of post-drainage vegetation succession
Silvola (1990), who estimated the store was dsas been shown to be rapid on such sites (Hotanen
much as 6.25 Pg. Lappalainen (1996) has calcat al. 1999). However, the change in the peat prop-
lated the C store at 3.4 Pg, from a large inventomrties caused by drainage might not be as drastic
material of geological peatlands (peat thicknesas in the vegetation cover, since the tree stand on
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these sites is quite dense and already forest-fore some mires but not others. The discrepancy
ing in their natural state, and the peat may alsmay be explained by the fact that this model as-
be moderately well decomposed. We may thersumes a static input of C into the peat which is
fore justifiably assume that drainage would nonot valid, since it can change with alterations in
affect the peat properties of these sites as muclimate and autogenic changes in the mire devel-
as the wetter and thick-peated pine mires, armpment. Thus the rate of C accumulation at
thus the zero-effect for these sites was consigresent may be lower or higher than the meas-
ered the most reasonable one. The use of the saated long-term rate. In dry summers mires may
C balance values for these site-type groups (1 amden be net sources of C to the atmosphere (Alm
2) as for the most nutrient-rich pine mires (groupst al. 1999a).
3 and 4, Table 2) would also have decreased the Peat C balance values for drained peatlands
present peat C sequestration value only by 0.G¥ere based on linear C store change over the 60
Tg a* (from 4.24 to 4.17 Tg4, indicating the years since drainage. It is impossible to say
insensitivity of the results to the change in pawhether the C balance values will remain at the
rameter values in this case. same level in the future as well, even if climatic
The peat C accumulation rates (i.e. C balanasonditions remain the same. Some reductions in
values, Table 2) were assumed to be static on bagtkat C sequestration may, however, be expected
undrained and drained sites, which may not bi@ connection with the final harvesting and site
true. On undrained mires this rate depends on clireparation needed for tree-stand regeneration
matic conditions as well as on the autogenic pro¢Trettin et al. 1995).
esses of the mire and on drained sites on the tree The total rate of C sequestration into peat in
stand development as well (). It has been sud~innish undrained and forestry-drained peatlands
gested that the peat C accumulation rate woutdgether was calculated to have increased from
decrease with the peat bog development so thaR to 4.2 Tg C -&because of forestry drainage
the long-term rate (LORCA), which is the aver{Fig. 8). This value was derived from parameters
age rate of C accumulation into peat during theneasured from the area between ditches, as ex-
history of the mire, is always greater than thelained in Il, and the values were corrected by
present (=ARCA) rate (Clymo 1984, Clymo etgiving zero C balance values for the area cov-
al. 1998). This theory has been shown to applgred by ditches. With standard ditch measures this



30

Peat CO,-C

4- ’//\
Figure 15. The net C&and e .

CH, fluxes in Finnish

peatlands  1900-2100 + 2 . .
(undrained and forestry © - Trees CO,-C .
drained together). Positive - E
values mean C sequestra- ©
tion from the atmosphere to U
peatlands and negative val- Peat CH -C
ues C loss from peatlands to 4
the atmosphere. The trees -2 -
CO,-C line also includes the
sequesteration of C in

wood products. The

hatched line depicts the -4 T T T T T
situation with ditch spoil 1900 1950 2000 2050 2100
bank emissions included in

the total peat COfluxes. Year

meant a 4% lowering of C sequestration rates atant model was used both for simplicity and be-
the drained peatlands and consequently a 3% lowause other more crucial assumptions were made
ering of the rate of all peatlands together. (like the value of decay constant, k).

Ditch spoil bank decomposition was calcu-
lated as a separate component in C balance, a®d.3 Tree stand
it seemed to have quite a significant impact on
the total C balance. The inclusion of ditch spoillhe present rate of sequestration of C into above-
bank emissions would decrease the total peat@ound tree stand was calculated at 3 Tgrae
balance of Finnish peatlands by 0.9 Tg(Big. rate for stemwood C is c. 2 Td.a his is 35% of
8), i.e. by 16 g C rha?, calculated for forestry- the C sequestration rate of all Finnish forests in
drained areas. However, it is probable that a sig990 (5.5 Tg @) reported by Karjalainen et al.
nificant part of C is not lost directly to the at-(1995). As the total area of drained peatlands is
mosphere as CGince it may be leached downc. 28% and that of the “satisfactory” sites only c.
as DOC and retained in deeper peat layer0% of the forest land in Finland, it would seem
(Domisch et al. 1998). Some of the leached angthat peatland forests sequester C at a faster rate
retained C could then actually be included in outhan Finnish forests in general. This may be partly
measured C balance values (Il), even though peatplained by the fact that the major part of the
samples were taken beyond ditch banks. Quitdrained forests is still young, measured as drain-
often the banks were, however, no longer visiblage age, and are still experiencing a good growth
60 years after the drainage. rate. However, according to Tomppo (1999) the

The decomposition was calculated using annual increment of the growing stock in peatland
single decay constant model (Olson 1963). Thiforests (including earlier shallow-peated peatland
kind of model is nowadays known to overestisites nowadays classified as mineral soils; 20.3
mate the decomposition rate, because when thall. m® a) was only 27% compared to Finnish
decomposition proceeds, the proportion of moréorests in total. The volume of the growing stock
stable (decay-resistant) compounds increases amulthese peatlands was 449 milt, mhich makes
the decay rate thus decreases (Harmon et &l.98 Tg C, stored in the stemwood. The corre-
1986). However, in this study a single decay corsponding value in this study was 103 Tg C, which
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5 4, 6 and 7, see Table 3 and Fig. 6). The magni-
] tude of the decrease in Clluxes is therefore
4 | - CH, very much dependent on the site-type distribu-
— co, - ] tion, stressing the importance of correct determi-
3 | nation of the drainage area development.
" | The values for Cfluxes were derived from
) the study by Nykanen et al. (1998), which is the
o 27 most extensive available for Finnish peatlands,
covering 17 peatland sites in the southern and
1 A middle boreal zone in Finland. However, the sites
are concentrated only on two locations in Fin-
0 land and geographical variation is therefore
' poorly represented.

Undrained Drained  Total The same Clemission values were used for

. all regions (Table 3). This was done since no evi-
Figure 16. The calculated peat £Oand ChC balance %ence of any possible trends between the regions
in the undrained and forestry drained peatlands in Finlan . . " LS
at present (1999). Negative values mean a loss of C froW{@S available. Mikkela (1999) found no 5|gr!|f|-
peat and positive C sequestration in peat. The horizontg@nt differences in CHflux rates between dif-
lines in the white bars depict the situation with the estiferent regions (from the south to the north) in
mated ditch spoil bank G@missions included in the total Syweden but she found that CHux correlated
peat CQ fluxes. strongly with coverage of sedges and WT level.

While CH, production is temperature-dependent

(Granberg et al. 1997), the oxidation of Ll
indicates that the simulation of the tree standgss so (Dunfield et al. 1992), and (3issions
may have slightly overestimated the growth ratare probably more dependent on the WT level
of peatland stands. Part of the difference may alsnd the vegetation cover (e.g. Bubier 1995). The
have been generated by overestimating thgresence of sedges is crucial in this sense since
drained peatland area in this study. Howevethey transport methane very effectively through
bearing in mind that the tree stand simulatiomhe oxidative layer in peat (e.g. Frenzel and
period before this comparison was already oveRudolph 1998, Rusch and Rennenberg 1998). The
90 years long, the simulated values seem to fiéngth of the growing season is longer in the south
the measured ones rather well. but no clear differences within site types have

The pattern of tree stand growth and C sebeen found in the peat accumulation rates be-

questration over the next century is based on theeen the south and the north (Turunen et al.
straightforward assumption that the stands will999b). Thus the mire site type, which is a quite
be treated according to approved managemegbod description of the vegetation cover, was
strategies. The failure of this assumption, e.g. éhosen as the only predictive variable, and no
change in land use policy among forest-ownergorrections were made on the grounds of, for
might greatly affect the rates of future sequestraxample, mean temperature.
tion of C into the tree stands.

3.4.5 Radiative forcing
3.4.4 Methane

Forestry drainage was calculated to have consid-
Methane emissions were calculated to have derably decreased the radiative forcing of Finnish
creased over 50% (from 0.9 to 0.4 TY as a peatlands and was predicted to continue to do so
result of forestry drainage this century. This largéor at least the next 100 years (Fig. 17). This was
decrease was mainly caused by the consideraldaused by increases in peat and tree stang CO
drainage activity on the originally minerotrophic C sequestration and a decrease in @Hissions
and very wet, high CHilux sites (site type groups after drainage.
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Peat CQbalance seemed to be the least imvesting have been suggested to increase the green-
portant factor in the effect of forestry drainagehouse gas emissions (Nykénen et al. 1995, Regina
on the total radiative forcing of Finnish peatlandet al. 1996) and radiative forcing (Savolainen et
during the period of 200 years under consideral. 1994) of the system compared to an undis-
tion, although the changes in peat C balanderbed mire. However, direct comparison of the
seemed very high compared to the pre-drainaggeenhouse impact of these uses of peatlands with
situation (Fig. 8). A more important a factor wadorestry drainage in Finland are not possible, since
the sequestration of C into tree stands and woaddiative forcing calculations similar to those in
products. The C sequestration into wood prodthis study are not known to the author. Some es-
ucts was modelled according to Seppala antimates of the present-day ¢@missions from
Siekkinen (1993), whose study showed the vergeat harvesting and agricultural cultivation ar-
short average lifetime of Finnish wood productseas have, however, been published. The use of
The use of longer lifetimes, as in the study byeat for energy in Finland is calculated to release
Karjalainen et al. (1995), would have signifi-2.3 Tg CQ-C into the atmosphere annually
cantly increased the C storage in wood productgTilastokeskus 1998). Since ¢emissions from

The greatest effect of forestry drainage otnhe drained peat production fields, stockpiles and
radiative forcing was obviously the decrease ifrom the use of horticultural peat have been esti-
CH, emissions, being as great as the effect of innated to further increase the C release by 0.33
creased C sequestration into peat, trees and wobd a* (Laine et al. 1996a) and agricultural use of
products taken together. The decrease in ngt CHbeatlands is estimated to release c. 1 Tg-CO
C fluxes from peat to the atmosphere seems smait into the atmosphere (Nykénen et al. 1995,
compared to the sequestration of &Dinto tree  Laine et al. 1996a), the total annual C flux from
stand (Fig. 15). However, the importance of,CHpeat harvesting and agricultural use of peatlands
is explained by its 58 times greater ability to abin Finland would amount to c. 3.6 Tg,avhich
sorb infrared radiation than that of @ompared is c. 85% of the rate of C sequestration into the
on a mass-to-mass basis (IPCC 1990). The indpeat of undrained and forestry drained peatland
rect effects of CHin the atmosphere increasein Finland (Fig. 8).
the radiative forcing by a further 20-30%. Compared to the greenhouse gas emissions

Agricultural use of peatlands and peat harfrom fossil fuels and other anthropogenic sources,
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the total effect of peatland drainage on radiativexample between different gases or emission
forcing seems quite high. Using the same REFsources, with the same basic assumptions, the
UGE model and calculation methods Korhonetevel of uncertainty is much less (c. 10%; Sinisalo
(1998) has reported a total radiative forcing 0f.998). In this study no numerical estimates for
3.5 mW n? from anthropogenic CQCH, and the uncertainties of various C emissions were
N,O gas emissions (mainly from energy producprovided, since in many cases these were
tion and use, waste management and agriculturenmeasurable. The largest uncertainties are prob-
but excluding peat harvesting) in Finland in 199Cably included in the peat C balance values, which
The effects of the various gases in fossil fuelhclude many possibilities for errors, as men-
emissions were 2.63 mW-40.60 mW nt and tioned before. CiHemission estimates were ex-
0.24 mW n¥for CO,, CH, and NO respectively. trapolated to other site types and regions, which
Sinisalo (1998) reported a total radiative forcingncreased uncertainty by an unmeasurable quan-
of 3.8 mW n¥ for the same year in Finland. Thistity. The tree stand development may be consid-
value included the effect of halocarbons and CCered relatively accurately determined, as may the
emissions from peat harvesting. In this thesis thereal development of forestry-drained peatlands,
radiative forcing impact of peatland drainage foat least during this century. The uncertainties in
forestry in 1990 was calculated at —2.1 m\®, m all C flux rates increase considerably in predic-
and the effects of CHand CQ fluxes were —1.3 tions for the future.
mW m? and —0.8 mW m respectively. The im-
pact of forestry drainage would thus be large
enough to decrease the total radiative forcing & Conclusions
anthropogenic greenhouse gas emissions by c. 55-
60% in Finland. MO emissions from peatlands gorestry drainage of peatlands significantly
were not considered in this study, but their imepanges the C fluxes between the ecosystem and
portance in total radptwe forqng has previouslye atmosphere. It was found in this study that
been found to be minor (Martikainen et al. 1993yh¢ ¢ stores in the tree stand and on average in
Laine et al. 1996b). peat at least temporarily increase after drainage.
Kanninen et al. (1994) reported a decrease {ihis means increased sequestration of C into
radiative forcing of c. 1.1 mW #in 1990 caused hese ecosystems. Clmissions decrease after
by the increased growth of Finnish forests th'%restry drainage at all sites where permanent
century, over half of which is due to forestry, ater-jevel drawdown is achieved. Taken to-
drainage of peatlands (Tomppo 1999). Th@eiher the altered exchange rates of these gases
radiative forcing impact of all managed foresfy, e decreased radiative forcing (i.e. the green-
ecosystems in Finland would thus have been g, se impact) of peatlands in Finland.
2.6 mW n? in 1990, having decreased the total -\ rther research is still needed. Better esti-

radiative forcing from anthrppogenic sources by stes of peat C balance should be sought to pro-
¢. 75%. In the future this situation may chang&jige for the sites where direct measurements do
since the emissions from fossil fuels are predicteght exist at the moment. The general trends in
to grow steeply without a strict policy to activelypeat C balance between site types and regions,
reduce them (Korhonen et al. 1993), whereas theyermined in this study by geological methods,
C sequestration in the tree stand.s is predlctgd Buld be tested using direct gas exchange meas-
start to decrease around 2030 (Fig. 11; Kanningftements. In treed peatlands this could be accom-
et a]. 1994). This would be caused by mcreaseﬂished by measurement of net C fluxes above
cuttings or/and decreased growth because of trgg, canopy using towers (the eddy covariance
stand ageing. o method), combined with simultaneous chamber
_ Radiative forcing calculations include uncer-yeasyrements of soil C fluxes and recording of
tainties, W?"?h in absolute values may be QuitGegetation biomasses. Such information would
high (c. 40%; Sinisalo 1998). However, when theyo\ide petter keys for modelling C fluxes at eco-
model is used to provide comparative figures, foéystem level and predicting the C balance of
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peatlands in the changing climate. I would like to express my deepest gratitude

From the greenhouse effect point-of-view, théo my supervisor Jukka Laine, without whom this
most important task is to expand the @hkas- work would neither have started nor finished.
urements to cover the country better regionallffhank you Jukka for reminding me from time to
and to provide more information for CHux time that there are more important things in life
models. Measuring CHluxes is methodologi- than science, for example badminton. | also want
cally less problematic than measuring,Gfhice to thank Professor Juhani Paivanen and my col-
the static chamber method is usable at all siteigagues Harri Vasander, Raija Laiho and Anu
including treed ones. Kettunen for their endless patience with me and

Tree stand dynamics in drained and especiallyjy questions. My peatland colleagues Jukka
undrained peatlands, are still poorly understood;urunen, Hannu Nykanen, Jukka Alm and Hannu
which limits the usability of simulation models. Hokka were always ready to talk and share their
However, compared to other C fluxes intime and expertise with me. Special thanks go to
peatlands, the C store development of tree standg/ work mates Veli-Matti Komulainen, Antti
can nowadays be estimated relatively accurateluhalainen and Mikko Tiirola, who helped me
Further research is needed especially in the fietd collect the enormous number of peat samples
of tree-litter production and decomposition procfrom the remote peatlands of Finland, and Jouni
esses in peat soils. The input of C into the soMeronen for helping in all practical issues at the
through root litter is probably of the utmost im-Hyytiala Forestry Field Station. Thanks also to
portance to peat C balance in drained peatlands] my fellow researchers and other staff in the
but the litter dynamics are still poorly understoodepartment of Forest Ecology with whom | have
because of methodological difficulties in below-had the pleasure to work.
ground production studies. In the last stages of this work | received great

The calculations presented here include mariyelp from Riitta Korhonen and llkka Savolainen
uncertainties involved in the actual parametefrom the Technical Research Centre of Finland.
values, both in the models used and in the nWRiitta did all the radiative forcing calculations in
merous assumptions. Despite all these uncertaitite synthesis part of this work and made valu-
ties, the finding that drainage of peatlands foable comments on the thesis. Many thanks to the
forestry in Finland appears to have decreased theviewers, John Jeglum and Kimmo Tolonen,
greenhouse effect of these ecosystems can o commented the thesis in its final stages.
considered quantitatively reliable. However, furMany thanks also to Krzysztof Raciborski who
ther drainage of natural mires is not recomhelped me with the layout of this thesis. English
mended, since these ecosystems may contdanguage was revised by Roderick McConchie.
values which might be considered even more The most thanks go to my family Anju, Silja
important than the mitigation of predictedand Ulla who have had to deal with my inhuman
changes for Finland in climatic variables. working hours during this six-year study period.

I am not sure whether this was worth all the trou-
ble, but | hope that there will be less in the fu-
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