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ABSTRACT

Anthropogenic emissions increase the atmospheric greenhouse gas concentrations inducing climatic
change. Predicted climatic warming is expected to result in changes in arctic wetland ecosystems. Changes
in ecosystem structure and function will likely have important implications for direct feedbacks to global
biogeochemical cycles. Arctic ecosystems presently store a large amount of soil carbon and there is a risk
that a significant amount of this carbon will be released to the atmosphere with climate warming. Areas of
discontinuous and continuous permafrost are especially vulnerable to the effects of warming.

Carbon gas exchange was studied in various wetland ecosystems in Kaamanen (sub-arctic), Kevo (arctic)
and Lek Vorkuta (tundra) areas. Carbon dioxide (CO,) and methane (CHy) fluxes over a range of terrestrial
and aquatic ecosystems were measured using static chamber techniques. The gas flux measurements and
environmental parameters allowed fluxes to be extrapolated for growing season and annual carbon
balances. A geographic information system (GIS) was used to upscale the fluxes to an areal balance first
for the Lek Vorkuta catchment and further over the East European tundra. Carbon gas flux balances from
years with different weather patterns were used to predict the possible consequences of variation in
temperature and precipitation on ecosystem carbon dynamics.

In water saturated terrestrial ecosystems carbon accumulates as peat when C assimilation in
photosynthesis exceeds the losses by respiration and decomposition. In general, wet Sphagnum sp. and
Carex sp. dominated flarks and lawns were net sinks for carbon dioxide and net sources of methane. The
source strength of CH, was coupled with water table level. On drier shrub dominated hummocks the CO,
circulation was high and the ecosystem C sink/source strength depended on the soil respiration. All palsas
were sources of atmospheric carbon. In addition, the degradation of palsas supplied nutrients to the
waterlogged palsa margin areas promoting decomposition and CH4 emissions. The net ecosystem
production in a fertile thermokarst lake margin showed zero-balance despite of the high biomass and
photosynthesis potential. A whole thermokarst lake, and also a arctic river, were constant sources of carbon
to the atmosphere.

East European tundra lost approximately 8.1 Tg carbon during the summer 2001 when temperature was
1.6 °C higher than the long-term mean. In a warm summer the active layer thickness is greater increasing
the decomposition in active soil layer. Wet terrestrial tundra ecosystems have a high potential to shift from
sink to source under changing climate conditions. In drier tundra ecosystems, the rate of organic matter
decomposition and CO, efflux will increase with rising soil temperature. The short term changes in
ecosystem carbon exchange balance are reflecting the variations in temperature and moisture regimes while
long-term changes in carbon balance are affected by changes in vegetation characteristics and permafrost
level. An important finding is that even in the present climatic conditions the East European tundra is
vulnerable to carbon loss to the atmosphere, further accelerating the global warming.

Universal Decimal Classification: 574.4, 504.7
CAB Thesaurus: climatic change; carbon cycle; greenhouse gases; carbon dioxide; methane; wetlands;
arctic regions; tundra; geographical information systems
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TERMS AND ABBREVIATIONS

Aapa: A mire complex with minerotrophic central parts, occurring in the middle or northern boreal region.
A pronounced surface pattern of wet flarks and hummocky strings oriented along the contours are common.

Acrotelm: At least temporarily aerated (may extend below WT) surface layer of peat.

Arctic: The regions north of the Arctic Circle. Arctic Circle is the imaginary circle round the earth, parallel
to the equator, at latitude 66° 32° N.

Catotelm: Permanently saturated and anoxic layer of peat underlying the acrotelm.
GIS: Geographical Information System. Satellite image based map information.
MAT: Mean annual temperature.

Minerotrophic: Receives nutrients from groundwater via lateral or vertical water flow. Mineral status:
described with subclasses eutrophic, mesotrophic and oligotrophic from rich to poor, respectively.

MWT: Mean water table during the summer.

NEE: Net ecosystem exchange, instantaneous CO, balance.

NEP: Net ecosystem production, modelled (Pg - Rror) over time.

Ombrotrophic: Receive nutrients only from precipitation i.e. rain or snow.

Palsa Plateau or Peat Plateau: Large palsa surface extending hundreds of meters in diameter.
Palsa: is a peat mound with permanent ice core and a possible height of several meters (1 - 3 meters).
PAR: photosynthetically active radiation. [pmol m™ s™']

Peat: organic deposit of terrestrial origin in wetlands.

Peatland (mire): Peat forming terrestrial ecosystem, term includes ombrotrophic bogs and minerotrophic
fens.

Pg: Gross photosynthesis.
Rror : Total respiration.
Sub-arctic: Intermediate ecotone between boreal and arctic.

Thermokarst: Meltdown and thermal erosion of permafrost: a pond is formed at the edge of palsa where
peat erodes.

Tundra: Treeless arctic region usually with patterned surfaces with underlying discontinuous or
continuous permafrost.

Wetland: General classification for high water table or shallow open water ecosystems.
WT: Water table.

1Gg=10°g=1000t

1Tg=102g=1Mt

1Pg=10"g=1Gt

1 Mha = 10° ha= 10* km’
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Preface

PREFACE

The large majority of scientific experts,
recognizing that scientific uncertainties exist,
believe that human-induced climate change is
inevitable [IPCC, 2001]. Indeed, during the last few
years, many parts of the world have suffered major
heat waves, floods, droughts and fires leading to
significant economic losses and loss of life. In
addition, there is evidence that precipitation
patterns are changing, that sea level is rising, that
glaciers are retreating world-wide, that Arctic sea
ice is thinning, and that the incidence of extreme
weather events is increasing in some parts of the
world [IPCC, 2001]. While individual events
cannot be directly linked to human-induced climate
change, the frequency and magnitude of these types
of events are predicted to increase in a warmer
world. The climatic effects of global warming are
expected to be most pronounced in the Arctic
[IPCC, 2001]. However, there are regional
differences among the recent trends in climate
observations [Maxwell, 1997]. In Canadian high
latitudes the trend of annual temperature is towards
warming and in continental Russia the trend is
opposite [IPCC, 2001].

The Earth's surface temperature of 20 century is
clearly warmer than any other century during the
last thousand years [IPCC, 2001]. The Earth has
warmed by between 0.4 and 0.8 degree centigrade
over the last century, with land areas warming more
than the oceans, and with the last two decades being
the hottest of the century. The change in Earth
surface temperatures is primarily considered to be
due to the combustion of fossil fuels (coal, oil and
gas), deforestation and agricultural activities. Since
the beginning of the pre-industrial era around 1750,
the atmospheric concentrations of carbon dioxide
has grown nearly by 30% [IPCC, 2001] and
methane by more than a factor of two [Dlugokency

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 153:1-34 (2003)

et al. 1998]. The current atmospheric carbon
dioxide concentration, 365 ppm, increases at the
rate of 1.5 ppm yr' mainly due to the
anthropogenic emissions. Atmospheric methane
concentration (1800 plpb) continues to increase at
the rate of 9 ppb yr despite the overall rate of
increase has slowed [Dlugokency et al., 1998;
IPCC, 2001; Khalil et al., 1993].

Coupled  physical-biogeochemical  climate
models that include a dynamic global vegetation
model assume that mixing ratio of atmospheric
carbon dioxide (CO,) will be from 540 to 960 ppm
by 2100 [Joos et al., 2001]. The most important
uncertainties in global climate change predictions
arise from the complexity of the Earth climatic
system. The lack of knowledge of many important
micro and macro scale interactions and feedback
mechanisms increase the uncertainty of the
predicted consequences of global warming. The
present GCM’s predict the climate according to the
2 x CO, scenarios. However, the fact that
temperature is more variable both spatially and
temporally than is CO, concentration makes the
human induced warming much more difficult to
distinguish against the natural background variation
[Vitousek, 1994].

Changes in climate are predicted to be greatest at
high latitude environments and should therefore be
first identified in arctic regions. These changes are
likely to impact the ecosystems and their biota and
affect the feedbacks from these ecosystems to the
climate. The goals of measuring and predicting
climate change impact on arctic ecosystems are
fraught with difficulty and uncertainty largely
because there is often considerable variability in all
aspects of climate change, ecosystems responses to
it and the ways which we assess the impacts.

13
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1. INTRODUCTION

1.1. Carbon dynamics in northern wetlands

The northern mires or peatlands, where dead
organic matter accumulates as peat, are sustained
by humid climate and high water table [Gorham,
1991]. In peatlands, the atmospheric CO; is fixed to
the green plant biomass through photosynthesis
during the growing season. The dead plant biomass
enters the decomposition processes where part of
the plant derived matter is deposited as soil organic
matter in waterlogged conditions. The organic
matter undergoes complex transformation processes
by soil fauna and microbes in oxic acrotelm and
anoxic catotelm. Oxic decomposition returns over
90% of the fixed organic carbon back to the
atmosphere as CO, [Clymo, 1983] and the
remaining fraction of carbon descends in to the
catotelm, increasing the thickness of the peat matrix
because of very slow decay rate. Approximately
50% of the peat matrix is carbon [Gorham, 1991;
Turunen et al., 2001].

The present peatlands began to form about 14000
B.P., spreading across the landscape until 4000 B.P.
[Gorham, 1991; Gorham et al, 1992]. In Europe,
the age of boreal peatlands are between 5000 and
9500 years while arctic peatlands are generally
younger, 3000 to 5000 years old [Botch et al.,
1995; Tolonen et al., 1996; Turunen et al., 2001,
Turunen et al., 2002]. The estimate of area-
weighted long term apparent rate of carbon
accumulation for Finnish undrained boreal and
subarctic mire areas is 18.5 g C m” yr'1 [Turunen et
al., 2002]. The long-term peat accumulation rates
for European part of Russian polygonal mires, palsa
mires, aapa mires and fens are estimated to 12, 16,
40 and 80 g C m™ yr', respectively [Botch et al,
1995; Turunen et al, 2001]. However, the
relationship of long-term carbon accumulation rate
with the present carbon accumulation rate is not
known. Eventually, peat accumulation is supposed
to decrease with time because the ratio of
photosynthesis to decomposition decreases with
thickening catotelm [Clymo, 1983; Turunen et al.,
1999].

The arctic tundra, including upland and peat
soils, covers around 560 Mha [Wookey, 2002]. The
world peatlands cover approximately 500 Mha,
most peatlands locating in arctic, boreal and
temperate zones. Boreal and subarctic peatlands
(350 Mha) contain between 270 and 370 Pg C
[Gorham, 1991; Sjors, 1981; Turunen et al., 2002]
which is 60% of the atmospheric carbon pool or 1/3
of the global soil organic carbon pool of 1395 Pg C
[Post et al., 1982]. The areal extent of Russian
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tundra zone is estimated to be 235 Mha from where
23.2 Mha is located in east Europe [Zamolodchikov
et al., 2001]. The total peatland area of the Russia
has been estimated at 165 Mha with 215 Pg peat
carbon pool [Botch et al., 1995]. The mismatch in
these numbers suggests that only part of the tundra
is defined as peatland. Uncertainties of the areal
extent of peatlands, peatland definition and peatland
classification suggest that these figures should be
interpreted carefully.

Terrestrial ecosystems release carbon to the
atmosphere mainly as CO, and CHy through faunal,
oxic respiration by plants, fauna and micro-
organisms, and by microbial anaerobic processes.
During the summer, when the photosynthetic
carbon uptake exceeds the carbon losses, the
northern ecosystem may become a carbon sink.
Annual carbon balance is the carbon gain subtracted
by the carbon losses in respiration, decomposition,
weathering (mostly leaching) and occasional fire
[Alm et al., 1997].

Photosynthesis is a light controlled process
where CO, is a source of carbon and light is used as
energy. In general, the plant growth in arctic
wetland ecosystems is not light limited [Chapin IIT
et al., 1985]. In most wetland ecosystems the light
saturation point is close to the 500 pmol m> s
while on sunny days with open sky the direct
maximum photosynthetically active radiation
(PAR) values vary from 1500 to 1800 pmol m?s™,
the level of irradiation decreasing northwards [III;
IV; Oechel et al., 1995]. PAR has a clear diurnal
cycle with early morning (hours 02-04) minimum
and early afternoon (12-14) maximum [Oechel et
al., 1995]. In addition, rate of photosynthesis
depends on the species composition and quantity of
the green biomass in the ecosystem, defining the
variation in seasonal cycle of gas fluxes.
Bryophytes have an especially low light saturation
point yet they can utilize a lower radiation intensity
than shrubs or sedges [Harley et al., 1989; Titus et
al., 2002].

Total soil CO, release (Rror) includes aerobic
and anaerobic decomposition, root respiration and
respiration of soil fauna. In northern peatlands the
autotrophic and heterotrophic respiration comprise
1/3 of the CO, uptake in photosynthesis during the
intensive growth [I; III; Bubier et al., 1998]. The
rate of autotrophic respiration is regulated by
photosynthesis and temperature while heterotrophic
respiration is controlled largely by soil temperature
[Chapman et al., 1998]. Root associated respiration
follows the phenology of the vegetation and may
account for 10-45% of the total soil CO, release

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 153:1-34 (2003)



Introduction

[Silvola et al., 1996], mainly originating from the
turnover of fine root litter and root exudates.

Some carbon and nutrients are lost from
terrestrial ecosystems to aquatic ecosystems by
leaching of dissolved and particulate organic
matter. Depending on the landscape, lateral
leaching is mainly due to runoff induced by
snowmelt or rainfall. With a limited water storage
capacity in the active layer, greater floods will
occur from rainfall than snowmelt [Kane, 1997].
Nevertheless, every spring significant streamflow
occurs in arctic watersheds due to the volume of
water in snowpack and because snow damming
produces a higher peak runoff response [Dankers,
2002; Kane, 1997]. Aquatic ecosystems are thus
recognized as important sources of CO, and CH, in
arctic [IV; Kling et al., 1991; Kling et al., 1992;
Ramlal et al., 1994; Zimov et al., 1997].

Significant amount of the carbon fixed in the
growing season is released from soils during the
winter as CO, and CHy [III; Alm et al. 1999;
Brooks et al., 1997; Dise, 1992; Fahnestock et al.,
1999; Lafleur et al., 2001; Melloh et al, 1996;
Panikov et al., 2000; Sommerfeld et al., 1993;
Zimov et al., 1993]. Soil biological activity, in part,
controls the production rate during the winter while
gas exchange is controlled by the snowpack
characteristics i.e. porosity, tortuosity and depth of
snowpack [Mast et al, 1998; Sommerfeld et al.,
1993]. Peat may also contain a large storage of
gases in bubbles, allowing a steady release during
the winter. There is a high temporal and spatial
variation in snowpack characteristics which also
affects the underlying soil processes and eventually,
gas emissions [Brooks et al., 1996]. The total
winter C loss is controlled by the duration and
timing of snow accumulation especially in
ecosystems where the snow cover allowed the
underlying soil to thaw [Brooks et al., 1996; Brooks
et al., 1997; Lafleur et al., 2001].

1.2. Climatic warming feedbacks on carbon
fluxes in arctic wetlands

Hydrology plays an important role in Earth’s
climate through the water and energy fluxes and is
interrelated with meteorology [Kane, 1997]. There
is high annual and seasonal natural variability in
precipitation as snow and rain. In arctic the land
surface is covered with snow over half of the year.
With thicker, longer lasting snowpacks, the albedo
(reflected energy) remains high for longer periods
of time reducing the energy flux to the soil. Bare
upland areas with less snow cover and snowpacks
with plants penetrating the surface reduce the
albedo and melt first [Kane, 1997]. With no change

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 153:1-34 (2003)

in snowfall, snowmelt will probably occur earlier
initiating lower albedo, soil thawing and vegetation
growth. However, increased winter time
precipitation is likely to increase the snow cover in
depressions (drifting snow), depending on the
wintertime temperature cycles and winds in open
areas.

One of the most important consequences of
climatic warming in the northern wetlands may be
winter warming and duration of snow cover. Winter
warming will probably change the overwintering
capability of plants, especially by promoting
excessively early deacclimation, i.e. premature loss
of frost hardiness and earlier growth onset leading
to increased risk of frost damage in spring. The
changes in season length, and temperature regimes
within, may profoundly affect plant, community,
and ecosystem processes in arctic, both directly and
indirectly [Oberbauer et al., 1998]. It has been
suggested that the snow-free period may increase
for one month or even more in the next century
[Maxwell, 1997]. The albedo of an arctic snow
cover is approximately 0.8, and while snow free
albedo is 0.2 [Kane, 1997]. The increase in
absorbed energy and radiant energy increases the
soil warming and respiration.

Discontinuous and continuous permafrost
wetlands are particularly vulnerable to climate
change because biological processes are affected by
the presence of permafrost and duration of the
snow-free season. Changes in permafrost depth may
result in increased water movement, mobilization of
nutrients and subsequently higher rates of primary
productivity and decomposition [Billings ez al.,
1982; Zoltai, 1993]. In addition, in patterned peat
plateau ecosystems the result of warming and water
flowing may be an accelerated erosion and
formation of thermokarst lakes [Billings, 1997].
And further, the watercourses may chance in shape
or place pronouncing the runoff and peak discharge
of melt water. In discontinuous permafrost, a
warmer climate may eliminate the shallow
permafrost areas and result in leaching of organics
directly to the groundwater [Kane, 1997].

During the summer, soil thermal properties are
moisture dependent, i.e. soil moisture affects the
dynamics of soil temperature, which in turn affects
the soil moisture through changes in active layer
thickness and drainage conditions [Waelbroeck et
al., 1997]. However, soil moisture is primarily
determined by soil temperature over precipitation
(via evapotranspiration), thus in a warming climate
soils are expected to become drier [Bridgham et al.,
1999; Rowntree, 1997]. An increase in
decomposition in soil could result in higher nutrient
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availability and primary productivity, which may
compensate the loss of carbon to the atmosphere
[Oechel et al., 1993]. In high water table
ecosystems, the plant emergence is often delayed
by the temporary flooding and slow heat transfer in
melting process. This may reduce the potential
carbon uptake and delay the growing period.

Availability of atmospheric CO, and nitrogen
control the plant growth pattern [Billings et al.,
1984]. In nutrient limited soils, plants allocate the
resources preferentially below ground in order to
pre-empt critical defiencies. However, on the fertile
soils plant growth is functionally limited by
photosynthetic carbon and thus the plant allocates
the energy into leaf growth to acquire growth
limiting carbon. Leaf development is crucial to
plant function since the leaves control light
interception, photosynthesis, water use and
therefore, total plant productivity. Vegetation
growth in elevated CO, alters plant structure
through its effects on both primary and secondary
meristems of shoots and roots [Pritchard et al,
1999]. Despite the fact that tundra plants are well
adapted to low temperatures and arid conditions,
the greatest impact of climate change to vegetation
and carbon gas fluxes may arise from the
consequences of soil warming [Chapin III et al.,
1985; Kane, 1997].

1.3. Study objectives

The objectives of the research were:

e To study the carbon gas dynamics in different
latitudinal and longitudinal arctic wetlands in
Europe (I-IV),

e To study the environmental and climatic factors
affecting the gas fluxes (I-IV),

e To construct seasonal / annual carbon balance for
arctic and tundra wetlands in present climate
AL1V),

e To study the sensitivity of ecosystem carbon
balance to climatic variability (II, IV),

e Upscale the present day seasonal carbon balance
for Usa basin and whole European tundra (IV-
V).

16

2. MATERIALS AND METHODS

2.1. Study sites

The climatic gradients within the study sites
provided an excellent opportunity to compare
carbon gas dynamics and carbon balance between
different ecosystems. There is a latitudinal North-
South temperature gradient between north boreal
Kaamanen [I] and sub-arctic Kevo [II], while arctic
Kevo and Lek Vorkuta [III, IV] form a clear East-
West oceanic-continental gradient. See the articles
for more detail descriptions of seasonal climate
conditions [I, IT and IIT].

In Finland, the main wetland complex types are
raised bogs and aapa mires [Eurola et al, 1984;
Seppd, 1996]. The distinct morphological features,
especially surface patterns of hummock / hollow
alternation in raised bogs and strings and pools in
aapa mires, can be used to separate the boreal raised
bogs and north boreal aapa mires [Seppd, 1996;
Sjors, 1961]. In palsa mire zone, classified also as
the sub-arctic zone, the string-pool topography
disappears and palsas become dominant peatland
features [Eurola et al., 1984; Seppd, 1996].

The European arctic wetlands are mainly situated
in northern Scandinavia and continental part of East
European Russia. Within Europe, tundra soils vary
from the dry, mineral, calcareous or siliceous soils
of polar deserts and semi deserts in the high-arctic
of Svalbad, Greenland, Franz Joseph Land and
Novaya Zemlya, to the deep acidic peat’s of sub-
arctic bogs of Iceland, North Fennoscandia and
Northwest Russia [Heal ef al., 1998].

2.2. Methods

Arctic and boreal landscapes exhibit a
considerable spatial heterogeneity in
microtopography, water table depth, soil

temperature, and plant species composition. Thus it
is necessary to use various measurement
approaches such as chamber and eddy covariance
(EC) techniques to cover all the spatial and
temporal variations within ecosystems gas fluxes.
While the chamber technique is applicable to
micro-scale flux measurements, the EC technique
can successfully be applied to the landscape-scale
measurements of net carbon flux and energy
balance [Aurela ez al., 1998; Frolking et al., 2002;
Hargreaves et al., 1998; Hargreaves et al., 2001;
Lafleur et al., 2001; Lafleur et al., 1997; Soegaard
et al, 1999; Vourlitis et al, 1999]. In
intercomparison studies, the chamber and the eddy
covariance techniques have yielded similar carbon
fluxes [Norman et al., 1997].
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Materials and Methods

We applied the closed (static) chamber technique
[Carrol et al., 1997; Crill, 1991] to measure the CO,
and CH, fluxes on various functional surfaces in
Kaamanen, Kevo and Lek Vorkuta [I-IV]. In
terrestrial ecosystems we used aluminum collar to
frame the ecosystem under study while in aquatic
systems floating chambers were used. For gas
sampling, a transparent chamber (CO;) or
aluminum chamber (CH4) was placed on grooved
collar and sealed with water. The CO,
concentration change vs. time inside the chamber
was measured and recorded with an infrared
analyzer while for CH, measurements samples were
collected in gas tight glass vials and transported to
the laboratory for further analysis using a gas
chromatography [III; IV].

A weather station recorded environmental
variables such as wind speed and direction, PAR
and Ta; and ground temperatures, at 10 minute
intervals. In addition, soil temperature at different
depths, water table and the depth of permafrost
were manually recorded at the same time as gas
flux measurements.

In order to estimate the gross photosynthesis we
measured the net ecosystem exchange (NEE) with
transparent chamber and subsequently, total
respiration (Rror) in similar temperature and
moisture conditions by blocking the light entering
the chamber. The gross photosynthesis (Pg) was
calculated by subtracting (Rror) from the (NEE),
assuming that the plant photo-respiration equals the
plant respiration under dark conditions (Eq. 1).

NEE = PG - RTOT

M

For seasonal CO, balance estimates, models
using hourly rates of PAR, Tar and effective
temperature index (ETI) were developed. Below is
the formula for photosynthesis (Eq. 2) and
respiration (Eq. 3) [IIL, IV].

PG = (Q*PAR)/(K+PAR)+b1*ETI+b2*Tp-+cl )

3

where, Q is an asymptote at the maximum Pg, K
is the light intensity where 50% of the maximum Pg
is reached. The bx and cx denote constants. The
seasonal carbon balance was integrated from the
hourly results (usually for 100 days) calculated for
each individual collars. The regression models that
were used to fill in the data between measurements
were site and year specific, i.e. they can not be
applied to the other surfaces or seasons [IV].

In Ryor =b3* Tag + b4* ETI + c2
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Annual or seasonal carbon balance (A) for a
peatland ecosystem can be presented as follows
(Eq. 4) [Alm et al., 1999]:
A =P —(Rror + D + W +F)

“

where, Pg is the gross photosynthesis, total
respiration (Rpor) includes respiration of soil
organisms and plants, D includes carbon gases
(CO; + CHy) from the anaerobic decomposition, W
is weathering (DOC and DIC) and F is possible
carbon loss in fire (ignored here in annual balance).

The gradient technique was used to estimate the
carbon fluxes from the snowpack [II; III]. The
carbon gas concentrations from 5 cm below the
surface to 5 cm above the soil surface of the
snowpack were measured. Gas fluxes through snow
were calculated according to the Fick’s first law of
diffusion (Eq. 5).

Jg=Dg (dCg/ d2) , ©)

where Jg is the diffusive flux for a gas (g) along
a concentration difference (dCg ) below z (cm) of
snowpack with an air filled snow porosity (f).
Diffusion coefficients (ZDg) for CO, (0.139 cm® s™)
and CHs; (0.22 cm s'l) were taken from
[Sommerfeld et al, 1993]. The methods and
formulae are described in more details in the
articles [I-IV].

2.3. Estimating the areal carbon balance

Arctic ecosystems are highly heterogenous in
vegetation, hydrology and soil properties [Whalen
et al., 1990] and it is possible that there are striking
differences between any two wetland ecosystems.
For example, the Skalluvaara fen in Kevo has
characteristic palsa formations in hollow dominated
peatland while in Kaamanen the fens are ridge-
hollow or flark-lawn-string wetland ecosystems [I,
II]. The surface pattern in palsa peatland is
relatively stable while aapa mires consisting strings
and pools are unstable due to the hydrostatic
pressure from pools to strings [Seppd, 1996].
Within Lek Vorkuta study area there is more
microscale variation in hydrological, vegetational
and mineral characteristics [III, IV] compared to
that of the Kevo study area. In addition, the
presence of permafrost dominates the terrestrial
ecosystems in Lek Vorkuta while ecosystems in
Kevo and Kaamanen become frost free in late July
[T, 11T].

17



Juha E. P. Heikkinen: Carbon balance of the arctic wetlands in Europe

The whole ecosystem carbon balance depends on
the areal coverage of the different ecosystems and
their specific unit carbon fluxes [Waddington e al.,
1996]. A detailed classification of vegetation with
other environmental parameters (especially
hydrology) and the combination of data in a GIS
with a high spatial resolution improves the areal
estimates of the present day carbon balance [IV;
Roulet et al., 1992]. For that purpose vegetation and
landuse classification were produced for the Usa
basin [Virtanen ef al., Manuscript]. Area of the Usa
basin is 93 500 km” of which 48 500 km’ is tundra.
The classification was based on a mosaic of eight
Landsat 5 TM images (pixel size 30 m). Images
were georeferenced and rectified to Universal
Transverse Mercator (UTM) coordinates using
Russian  1:200 000  digital map data
(GOSGISCENTER, Moscow) including contours
and hydrological layers. The spectral signatures for
different vegetation types were derived by creating
representative samples with ERDAS IMAGINE's
interactive seed pixel tools around ground truth
points measured in the field during the summers
1998, 1999 and 2000.

In the supervised classification the maximum
likelihood method was used to assign a class value
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to every pixel, and the decision rules forced pixels
to be classified to the spectrally most probable
category. After every classification cycle, the
apparent misclassifications were identified and new
signatures were added to the set until the area
showed no more clear discrepancies. The number of
spectral classes increased up to 100 during the
process. These primary classes were then combined
to the 21 final classes [Virtanen et al., Manuscript].
From these classes we calculated the area of the
different tundra ecosystem types, e.g. Wet peaty
tundra, Dry peaty tundra, Peat plateau, Dwarf shrub
tundra heath, Lichen-dwarf shrub tundra heath,
Willow stands, Lakes and ponds, Rivers, etc. [V].
An example of the areal classification of Lek
Vorkuta region can be seen in Figure 1 and figure 2.
When the present day carbon balance was
calculated for the whole East European tundra, we
assumed that the area proportions of the different
vegetation types of the tundra was similar to that in
the Usa basin. The area of East European tundra
was calculated from the 1 km cell sized Global
Land Cover Data produced by the University of
Maryland [V; Hansen e al., 2000].
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i

Tundra heaths
| | Wetpeaty tundra
| | Peatplateus and dry peaty tundra
Willow dominated 0 1 2 Kilometers

B Woter

Figure 2. Lek Vorkuta catchment. See details from article IV, Fig. 1. (T. Virtanen, Metla)
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Figures: Lek Vorkuta accommodation in huts and tents, tundra landscape, C flux measurements from lake
river and peatlands. (Foto: J. Heikkinen)
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Results and Discussion

3. RESULTS AND DISCUSSION
3.1. Recent summertime climate trends

In 1998, the weather in Kevo was drier and
colder than in 1999 during the summer months
from May to October. The monthly mean
precipitation was 50 and 70 mm for 1998 and 1999,
respectively. The monthly mean air temperature
was 6.4 and 7.4 °C for summer months of 1998 and
1999 in Kevo, respectively [II; Table 1]. In Lek
Vorkuta the summertime monthly mean
precipitation was 44 and 63 mm in 1999 and 2001,
respectively. In addition, the summer mean
temperatures were on average 1.6 °C higher in 2001
than in 1999 [IV; Table 1].

Mean annual temperatures from the Khoseda-
Khard weather station, located in the southernmost
part of the Usa basin [V], shows a slight negative
trend (-0.07 °C per decade for the period of record
1932-2000). Furthermore, mean annual
temperatures in the warm mid-1990's were not
exceptionally high compared to previous warm
periods in the record. Long-term meteorological
data were obtained from the Komi Republican
Centre for Hydrometeorology and Environmental
Monitoring, Syktyvkar, Russia [V].

3.2. Carbon balance in the northern ecosystems
3.2.1. Carbon gas exchange in tundra landscape

The wet peaty tundra with water table within 5
cm of the peat surface was a carbon sink (106 - 110
g m” season™) during the summer. Despite of the
CO, uptake the relative CHy release from these
ecosystems promote the climate forcing due to
CHy‘s 28 times higher Global Warming Potential
(GWP) over CO, in 100 year time horizon [Jain et
al., 2000]. The CH4 emissions (up to 13.6 g m”
season”) account 12% of the summer carbon
balance on these surfaces [IV]. The wet peaty
tundra surfaces cover 13% of the Lek Vorkuta
catchment and depending on the moisture
conditions and NEP these ecosystems may increase
the CH, source strength [TV].

Dry peaty tundra was mainly hummocks
where the water table was lower than 20 cm from
the surface. Areal coverage of dry peaty tundra was
8% of the Usa basin. Total respiration exceeded the
carbon uptake in photosynthesis and resulted
significant carbon loss of 123 g m? in summer
2001. In concomitant warm summers hummocky
ecosystems are highly vulnerable to a loss of the
most of the labile carbon to the atmosphere.
Eventually, this may alter the abundance of the
present species and carbon balance. The wet peaty
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tundra and dry peaty tundra was reclassified as
peaty tundra soils when estimating the areal carbon
balance in Lek Vorkuta catchment [IV].

Tundra heaths and willow dominated
shrubland cover 47% and 24% of the Lek Vorkuta
area, respectively [IV]. Due to the warm and dry
summer in 2001 the respiration rate exceeded the
photosynthesis and tundra heath ecosystems were
carbon source (91 g m? summer"l) to the
atmosphere. While we had no direct gas exchange
measurements from the willow dominated stands
we assumed zero carbon balance for willow
ecosystems [IV; See Table 5]. This estimate was
based on the facts that long-term peat accumulation
in willow soils was low (thin peat) and the annual
development of willow biomass was merely in
leaves. In addition, the methane emissions are low
or close to zero from these dry ecosystems [III; IV].

Aquatic ecosystems are important in tundra
carbon balance since some of the terrestrial carbon
is eventually transported to the ponds, lakes and
rivers [IV; Dean et al., 1998; Kling et al., 1991]. In
Lek Vorkuta catchment the areal coverage of lakes
and rivers were 3.3% and 0.3%, respectively [IV].
The aquatic ecosystems, were supersaturated with
gases, and therefore were constant source of CO,
and CHy to the atmosphere. Methane release rate
was highest in the thermokarst lake with peat
sediments (2.4 g CH,-C m™ summer™), while the
river mainly released CO, (33 g CO,-C m?
summer'l) [IV]. Zimov et al., [1997] suggest that
75% of the annual CH, release from north Siberian
lakes occurs in winter, with annual release of 5 g
CH,4-C m™ yr'. The importance of areal coverage
of peat sediment tundra lakes and ponds are
pronounced due to the higher climatic forcing
potential resulting from CH; emissions. The
summertime carbon emissions from the Lek
Vorkuta river was at the same level with the
emissions from Lichen dominated peat plateau
surfaces (Table 1). Thermokarst lake and river
carbon effluxes were constantly lower compared to
the fluxes from any terrestrial ecosystem in this
study.

Lake margins contribute a substantial amount
of carbon to the lakes [Zimov et al., 1997]. The lake
and river margins have a high ecosystem production
potential due to the diverse vegetation and constant
nutrient supply via water. However, the vegetation
growth in margin areas is delayed by the spring
floods and limited to some extent by the fluctuating
water or erosion caused by waves from the lake
[IV]. In lake margin, both photosynthesis and
respiration were higher compared to that of the
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other tundra surfaces, e.g. 325 and -325 g CO,-C m’
? summer’', respectively.

The lake margin ecosystem NEP was close to
zero or releasing the CO, to the atmosphere. The
studies from littoral zones of two boreal lakes in
Finland support our conclusion that the margin
areas are a carbon source to the atmosphere
[Juutinen et al, 2001; Juutinen et al., 2003; T.
Larmola Univ. of Joensuu, pers. comm.]. It seems
that the allochthonous carbon from terrestrial
ecosystems is supporting the carbon turnover in
lake margins. This emphasizes the thermokarst
erosion in tundra landscapes in carbon cycling.

Palsa plateau ecosystems are very sensitive
with respect to warming and vegetation change
[IV]. In palsa plateau the permafrost conditions
maintain the carbon stock until the surface cracks
and the insulation fails. In concomitant warm years
the carbon loss may increase the active layer
inducing cracks and erosion of permafrost and
eventually collapse the peat plateau [Bubier et al.,
1995a; Zoltai, 1993]. At the present stage of palsa
formation in Lek Vorkuta the cracks were present
in various widths. In open palsa the vegetation is
sparse dominated by lichen while in cracks the
vegetation is diverse consisting various shrubs and
Sphagnum species. However, the palsa surface
vegetation merely circulate the atmospheric CO,
sustaining the vegetation growth and carbon
allocation to the roots. In these ecosystems the
vegetation plays a major role in carbon circulation
while the seasonal or annual carbon balance seems
to depend on the rate of aerobic decay in peat [IV].
The Sphagnum and Lichen dominated palsa
surfaces in tundra released 28 and 34 g C m™
summer”, respectively [IV].

3.2.2. Carbon gas exchange in boreal and arctic
wetlands

The summertime and annual fluxes from Lek
Vorkuta, Kevo and Kaamanen are compared to
fluxes from temperate wetland ecosystems (Sallie’s
fen), boreal ecosystems (Salmisuo fen, Ahvensalo
bog, Thompson, Barrow and Stor-Amyran) and
high arctic ecosystems (Zakenberg) in Table 1. The
intercomparison of the carbon balances was
difficult due to the differences in ecosystem
classifications. However, when the data is separated
to the high water table surfaces and low water table
surfaces, the wet ecosystems frequently have
positive carbon balance while drier ecosystems
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have negative balance [Waddington et al., 1996].
There seems to be no latitudinal or longitudinal
relationship of the reported seasonal CO, fluxes. In
Table 1, the highest short-term sink activity during
summer can be found from Zackenberg 1997
summer results which is the coldest ecosystem with
respect to mean annual temperature. For peatlands
there are only a few summertime and annual carbon
flux studies reporting both CO, and CH, fluxes for
the carbon balance (Eq. 4; Table 1). When
accounting all the losses to the annual carbon
balance some ecosystems showing a weak sink may
be in fact close to the equilibrium or even release
carbon.

The seasonal carbon balance estimates for Kevo
show that wet surfaces (T1 and T2) gain carbon
91.5and 75 g C m?, palsa margin (T3) gain 162
and 77 g C m™, and palsa top (T4) gain 73 and 40 g
C m? in 1998 and 1999, respectively [II]. In wet
surfaces and palsa margin the wetter summer
climate in 1999 resulted lower net ecosystem
production due to the lower photosynthesis [II].
There was no significant variation in respiration
between the years. The wet conditions in 1999
increased the CH4 emissions. Especially, the palsa
margin CH, emission increased from 13 to 23 g C
m (Table 1) [II]. It has been found that warm and
wet conditions during the summer increase the
carbon sink activity in wet ecosystems [IV; Griffis
et al, 2000]. However, the excess soil moisture
may reduce the photosynthesis potential and carbon
allocation. The July and August temperatures in
Kevo were slightly lower in 1999 than in 1998
suggesting that the CH,; flux from the wet
ecosystems and palsa margin was primarily
controlled by the high water table and anoxic
conditions [II].

In sparse vegetated palsa top at Kevo, the annual
carbon balance varied from -52 to -18 g C m™ [II].
At Kevo palsa site the photosynthesis was similar
between years while the total respiration was
controlled by temperature and soil moisture.
Overall, palsas inactive core is merely storing
carbon in permafrost conditions and active surface
is circulating carbon and releasing nutrients to the
surrounding habitats [II]. The palsa degradation
increases the CO, efflux and organic carbon
transport to the margin areas and directly to the
aquatic system.
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In Lek Vorkuta the interannual comparison was
made in both ends of the hydrological gradient i.e.
in intermediate flarks (wet) and in hummocks
(dry). In wet flarks the photosynthesis increased
approximately by 66% in a warmer and wetter year
mainly because more green biomass emerged below
the water table and participated to the carbon fluxes
[IV]. The respiration rate increase only 16% while
CH,4 emissions nearly tripled (Table 1). The annual
balance of wet intermediate flark ecosystem
showed 200% increase in C uptake in warmer and
drier year in 2001 assuming equal losses in winter
and leaching (Table 1).

In drier hummocks in Lek Vorkuta the
photosynthesis potential was similar between 1999
and 2001 due to the little or no change in perennial
vegetation (shrubs, lichens and mosses). In 1999,
the carbon balance in hummock ecosystems was in
equilibrium [IIT]. However, in the warmer year of
2001 the total respiration increased by 70% and
turned the ecosystem to a carbon source of 146 g m’
2 [IV]. In most cases, the hummock vegetation is
standing on the top of dry thin organic peat material
(carbon stock only 14 kg m™). It is obvious that in
hummocks the carbon stock is sensitive to the
aerobic decay mainly controlled by the temperature.
In hummocks, the available fresh carbon is limited
due to the low seasonal C accumulation, presence
of permafrost and peat physical and chemical
characteristics [III; IV].

Increase in summer air temperature may turn
large dry areas into a carbon source to the
atmosphere due to the increase in soil respiration
[Billings et al., 1983; Jones et al., 1998; Oechel et
al., 1993; Oechel et al., 1995; Oechel et al., 1998].
In addition, in wetter ecosystems the increase in
methane emissions have a high contribution to the
climatic forcing through the higher GWP [Jain et
al., 2000]. In some conditions all the wetland
ecosystems induce a negative climatic forcing
(Table 2). However, the interannual variation in
carbon fluxes is high [II; IV; Frolking et al., 1994;
Granberg et al., 2001; Griffis et al., 2000].
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3.2.3. Areal carbon balance in East European
tundra

The Lek Vorkuta catchment (114 km?) was
estimated to have lost 4.1 Gg C during the summer
2001 [IV]. This areal carbon balance, ignoring the
willow stands, is presumably an underestimate of
the true annual areal balance. Estimating that
willow stands were having a similar carbon balance
than that of tundra heaths (-91 g C m™ summer’;
carbon stock in soil is 1.7 times higher in willow
stands) the additional release would be 2.5 Gg C
summer’ from Lek Vorkuta catchment [IV]. The
wintertime emissions from wet and dry surfaces
were estimated to be between 24% and 2% of the
seasonal NEP, respectively [III]. Additional carbon
loss during winter accounted for 0.55 Gg C in Lek
Vorkuta catchment. The total annual carbon loss in
Lek Vorkuta catchment could be 74% higher than
the summer estimate. However, this can not be
applied to the annual loss from the East European
tundra because the coverage of willow stands is an
order of magnitude higher in Lek Vorkuta
catchment than in tundra landscapes in East

European tundra.
The coarse areal classification and limited
monitoring data [Botch et al, 1995;

Zamolodchikov et al., 2001] is one reason why the
previous areal carbon balance estimates from east
European tundra have varied from a net source to
equilibrium. Botch et al. [1995] suggested that the
present carbon loss from former Soviet Union
peatlands (165 Mha) is approximately 70 Tg C yr.
We calculated that East European continental
tundra (20.5 Mha; Figure 1) lost 8.1 Tg of carbon in
summer 2001 when the monthly mean air
temperatures were 1.6 °C warmer than the long-
term mean air temperatures [IV-V]. The estimate
was based on up-scaling (GIS) carbon gas exchange
fluxes from all relevant ecosystem types determined
in Lek Vorkuta catchment [IV-V].
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3.3. Mechanisms of change of the carbon balance

3.3.1. Abiotic factors

Length of the growing season, i.e. when daily
mean temperature exceeds 5 °C, in the arctic is
between 80 to 100 days while the average snow free
season is between 120 and 155 days [II; III]. The
spring time solar radiation between years is
expected to be constant the timing of vegetation
growth depends on the snow cover during the late
winter and atmospheric temperature trends
[Wookey, 2002]. The growing season 2001 in Lek
Vorkuta was only 10 days longer than in 1999
despite of the early snowmelt and high temperature
difference in mean monthly temperatures in May
(mean air temperature -6.1 and +1.0 °C in 1999 and
2001, respectively) [IV]. The initiation of
vegetation growth requires a warm period to thaw
the top peat layers and thus the high temperature
variation early spring in 2001 may have postponed
the vegetation growth. The timing and magnitude of
temperature and precipitation variation in the
growing season are important for the season carbon
balance [Waddington et al., 2000].

All the northern terrestrial wetland ecosystems
experience frequent spring time floods. The
duration of flooding depend on the soil
characteristics, frost depth and evapotranspiration.
The floods were most pronounced in Kaamanen
where the flooding was caused by the excess water
running in a stream nearby. In Kaamanen, the flood
delayed the emergence of vegetation in wet flarks
[1]. In Kevo and Lek Vorkuta sites the lateral runoff
from upland soils flooded the palsa margin and
depressions delaying their vegetation growth [II,
II]. In tundra landscape the flooding was short
lived mainly due the shallow snow coverage in
upland ecosystems and fast lateral runoff on top of
the permafrost [IIT]. The short residence time of the
surface water during high discharge events have
been found to decrease the CH, fluxes [Crill ef al.,
1988].

However, it is possible that the melting
permafrost in tundra forms macropores where the
excess water is stored increasing the soil moisture.
Soil moisture has an overwhelming influence on
soil development, patterns of plant communities
and ecosystem processes [Bubier et al, 1995a;
Hodkinson et al, 1999; Turetsky et al, 2002].
Especially, persistent differences of few centimeters
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in water table depth can influence the microscale
plant community composition and function
[Walker, 2000]. In addition, thawing permafrost
may lead to a relatively large scale erosion,
slumping, and death of plants through mechanical
disturbance or flooding [Callaghan et al., 1997]. It
is possible that dry ecosystems will be more
sensitive to water availability than to temperature
change and increase in precipitation could produce
dramatic effects on litter decay rates, nutrient
mineralization and eventually CO, fluxes (Table 2).

3.3.2. Biotic factors

During the growing season the vegetation growth
follow the cumulative effective temperature index
curve [III]. Some species grew to their maximum
within 30 days (Betula nana, Rubus chamaemorus,
Carex aquatilis) while some grew until the first
frost or senescence starts (mainly bryophytes) [III].
The vegetation growth pattern is a result of decadal
adjustment to local climate. The rapid growth to the
maximum extent guarantees the reproduction and
survival [Callaghan et al., 1997]. However, extreme
weather events (frost, snow) during the intensive
growing phase may cause severe damage on higher
vascular plants limiting the growth and colonization
favoring the early flowering species or close the
surface growing populations [Callaghan et al.,
1997; Chapin III et al, 1996]. In addition, cold
episodes during the intense growth phase reduce the
soil respiration and methane efflux [I; IV]. The time
period preceding permanent frost in top soil or
snow cover has great importance in decomposition
of the plant and transport of carbon and nutrients.
The allocation of the fresh organic matter
consequently affects the microbial processes in the
following winter or summer.

Arctic summer comes to the end when the
precipitation comes frequent, solar radiation
diminishes and air temperatures drop frequently
close to zero during night time [IV]. The
senescence of vegetation starts after the growth
reaches the maximum or physical damage destroys
the plant function [I; III]. Any disturbance in plant
function resulting cell death diminishes the
photosynthesis potential. Very quickly the carbon
uptake becomes zero and respiration releases the
fixed CO, back to the atmosphere. When modeling
carbon balance the Pg value was forced to zero after
the ETI reached maximum value (=1).
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Results and Conclusions

The arctic vegetation has several functional
differences depending on the plant physiology. The
growth of vascular shrubs (Betula sp., Salix sp.,
Ledum sp., Empetrum sp. and Vaccinium sp.) is
highly limited by the lack of nutrients, erosion and
shelter in open dry areas [III]. However, the carbon
uptake rate is high during the intensive growing
season due to the high green biomass in leaves [I].
Graminoids i.e. grasses and sedges (especially
Carex sp. and Eriophorum sp.) grow habitats with
high water table where the thermal microclimate is
protecting the growth against episodes of extreme
cold and warm [Harley et al., 1989]. In addition, the
aerenchymatous tissue of vascular species act as gas
conduit for CH, efflux and O, influx to the roots
zone [Joabsson et al., 1999].

Bryophytes, especially mosses Sphagnum sp.,
have a good tolerance in changes of environmental
moisture conditions [Bubier et al., 1995a; Titus et
al., 2002]. In water saturated ecosystems the
mosses often form a sponge type floating mat
where the uppermost part is active in gas exchange,
also seen in our study sites [I-IV]. Drying increases
the activity of carbon exchange until the water
becomes limiting factor inducing a stress factor
[Griffis et al., 2000]. The high and stabile water
table is the primary reason for low carbon turnover
in wet moss dominated ecosystems [I]. In saturated
ecosystems the moss matt was sparse compared to
drier surfaces. There the CH4 emission is promoted
with increasing abundance of vascular sedges [II;
Bubier et al., 1995a; Joabsson et al., 1999].

In drier ecosystems the carbon accumulation
process is limited by the absence of anoxic
conditions. Lichens (Cladonia sp. and Cladina sp.)
were characteristic on these dry nutrient limited
acidic peat surfaces in arctic. In most ecosystems,
the fresh organic carbon is transported to the roots
zone in a form of carbohydrates and litter [Domisch
et al., 1998]. However, the thin organic peat layer
with low carbon storage and relative old age of peat
suggest that presently the carbon is circulating at
the vegetation [IV]. From higher hummocks the
dead biomass were often transported to the
depressions by the wind [III]. In palsa peatland
erosion and rainwater transport organic C and
nutrients from the top of palsa to the palsa margin

[1].

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 153:1-34 (2003)

3.4. Climate-related responses in carbon gas
fluxes

Despite of the high temporal and spatial
variations the reported CH; and CO, fluxes from
boreal ecosystems were higher than fluxes from
arctic ecosystems (Table 1). In addition, the CO,
and CH; fluxes were highly interrelated to
ecosystem properties [I-IV]. Spatial variation in
methane emissions can be connected to plant
species composition, microtopography, nutrient
status, substrate concentration, soil chemical
characteristics and microbial characteristics [Bosse
et al., 2001; Bubier et al., 1993; Christensen et al.,
1995; Christensen et al., 2000; Oechel et al., 1997,
Oechel et al., 2000; Saarnio et al., 1997, Whalen et
al., 1990; Whiting et al., 1991; Whiting, 1994]. The
CH, flux was highest in terrestrial water saturated
surfaces where a distinct relationship between water
table and CH, flux was found [I; III; Bubier ef al.,
1993]. In Lek Vorkuta tundra ecosystems the
relation between mean log CH; flux and mean
water table was steeper than that of others reported
for northern wetland ecosystems suggesting that the
high and stable water table ecosystems promote
significantly to the atmospheric CH, (see III; Fiqure
8). In addition, there was no relation between
fluctuating water table during the summer and CHy4
emission [I; Hargreaves ef al., 2001]. Small drop in
water table was not able to compensate the
temperature induced increase in methane emission
from wet tundra ecosystems [IV]. However, when a
drop in water table is high enough the increase in
oxic layer increase the CH, oxidation and reduction
in methanogenic activity reducing the overall CHy
flux [Nykénen et al., 1998].

The seasonality in CH; fluxes from wet
ecosystems seems to coincide with the seasonal
dynamics of different vegetation and ETI [III].
There is a close relationship between the number of
vascular species and CH, flux in wet ecosystems
[IIT; Bubier, 1995; Saarnio et al., 1997]. In addition,
the bryophytes are good predictors of CH, flux
because the water table level and vegetation are
interrelated [Bubier, 1995; Bubier et al, 1995b;
Bubier et al., 1995a; Saario et al., 1997]. In dry
hummocks the low CH4 emissions may result from
reduced methanogenic microbial populations
[Moosavi et al, 1996]. In drier ecosystems, the
absence of deep rooted aquatic vascular plants
suppress the supply of fresh substrates for soil
microbes [Saarnio et al, 1997]. The substrate
availability is an important factor controlling the
CH,4 fluxes [Conrad, 1996].
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Table 2. A tentative scenarios of ecosystem level responses of changes in temperature and moisture
conditions during the growing season in arctic wetlands in Europe. The response is marked with + =

increasing; +/- No effect; - = decreasing; ? = unclear.

Ecosystems Warmer, Warmer, Colder, Colder,
wetter drier wetter drier
Permafrost table - - + +
Water table + - + -
Biomass + + - +
Flark (wet) Decomposition + + + -
CO, efflux - + - -
CH,4 efflux + - + .
Permafrost table - - + +
Water table + - + -
Lawn (moist) Biomass .. +- + ) +
Decomposition + + +/- -
CO, efflux - + - -
CH, efflux + - + -
Permafrost table - - + +
Water table +/- +/- +/- +/-
Biomass + +/- - -
Hummock (dry) Decomposition + + - -
CO, efflux +/- + - -
CH, efflux + - + -
Permafrost table - - ? +
Water table +/- +/- +/- +/-
Heaths and Biomass +/- +/- +/- +/-
Willows Decomposition + + - -
CO,; efflux +/- + +/- -
CH, efflux + ? + -
Permafrost table - - + +
Water table +/- +/- +/- +/-
Palsas Biomass + +/- +/- +/-
Decomposition + + +/- -
CO, efflux + + +/- -
CH, efflux + +/- +/- -
Permafrost table ? ? ? ?
Water table + - +/- -
Lake margins Biomass .. * - - +
Decomposition + + - +/-
CO, efflux - + - -
CH, efflux + - +/- -
Permafrost table ? ? ? ?
Water table + - + -
Lakes and Biomass ? ? ? ?
Rivers Decomposition ? ? ? ?
CO, efflux + + +/- -
CH, efflux + - - -
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Results and Conclusions

When the preconditions of CH4 production, i.e.
anoxic conditions, carbon and nutrient source are
met the temperature has found to be the key driving
force for the CH4 emissions [Christensen et al.,
2002]. During the growing season the correlation
between soil temperature and CHy4 flux increases in
deeper soils [I; Saarnio et al., 1997]. When present
the permafrost has a fundamental effect on reducing
the soil temperature by radiating the cold and
reducing the microbial activity in deeper layers of
peat [III]. In a short-term climatic warming the
permafrost table will drop increasing the active
layer and carbon loss from the drier ecosystems.

Whiting and Chanton [1993] reported a positive
correlation between CH, emission and NEP and
suggested that the NEP is a master variable
integrating many factors which control CH,
emission in vegetated wetlands. They also
suggested that NEP is a stronger CH; flux
controlling variable than biomass [Whiting et al.,
1993]. Despite of the intercorrelation between NEP
and CH, flux regulating factors we suggest that in
high water table ecosystems, prevailing anoxic
conditions, the CH, flux and NEP were linked by
the number of vascular stems [II]. There is an
obvious relationship between Q. (also a measure
of Pg potential) and number of vascular stems. The
number of vascular plants controls the Pg potential
and the gas conduits important for the CH,
emission. However, the summertime CH, flux had
no linear correlation with the number of vascular
plants in wetter transects T1 and T2 in Kevo [II;
Figure 8d]. Instead, the CH4 flux from saturated
ecosystems reach the maximum when the number
of vascular stems were somewhere between 100
and 300. The stems also transport the oxygen to the
roots zone increasing the oxidation reducing the
overall CH, flux [Joabsson et al. 1999].

The ecosystem CO, fluxes were primarily
controlled by the PAR and vegetation phenology.
Highest P potential was found from shrub
dominated ecosystems and lake margin ecosystem
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with dense vascular vegetation. However, in these
ecosystems the respiration was also higher resulting
zero or negative NEP [IV]. Thus the NEP vs. CH,
flux relationship [Whiting et al., 1993] can only be
applied on selected water saturated ecosystems. In
changing climate, the carbon gas flux response to
the combined temperature and moisture effects will
vary among ecosystems. Predicting the possible
long-term consequences on individual ecosystems
may be premature and subject to great bias.

We measured the winter time emissions only
once in Kevo and Lek Vorkuta. In tundra
landscape, the snow distribution is largely
controlled by wind and mesotopographic features
and has a wide variety of ecosystem influences,
including effects on soil moisture, soil chemistry,
growing season length and soil temperatures [Alm
et al, 1999; Brooks et al, 1997; Dise, 1992;
Grogan et al, 1999; Melloh et al, 1996;
Sommerfeld et al., 1996; West et al., 1999]. The
wintertime production of CO, and CHs; were
different between microsites due to the frost
conditions. Especially, the Lek Vorkuta ecosystems
were frozen throughout the winter (lakes through
the bottom) while palsa margin in Kevo remained
unfrozen below the snowpack. Brooks et al. [1997]
suggested that majority of the CO, fluxes during the
winter originates from the thin organic layer at the
soil surface and vegetation were inactive in gas
transport. In tundra, the cold weather cools the
surface layers generating the frost. In the beginning,
the frost penetration is slow and many microbial
processes continue until the whole layer above the
permafrost is frozen. The biotic activity in
temperatures below zero is only possible in the
presence of liquid water phase [Zimov et al., 1993].
Depending on the moisture content some of the
carbon gases are trapped to the frozen layer and
some may be released through the channels that
frost has created.
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4. CONCLUSIONS

Northern wetland ecosystems are strongly
coupled to the global climatic systems through the
radiatively important carbon gas fluxes. The
response of the physical properties of northern
wetlands and the soil organisms to the global
change will determine the magnitude, direction and
distribution of carbon flux, i.e. impact and
feedbacks. North East European wetland
ecosystems have been storing carbon since the
Holocene. However, carbon dynamics in northern
wetlands are very sensitive in seasonal and annual
climatic variations.

In a warmer climate the net carbon uptake can be
overwhelmed by the carbon losses via respiration in
dry upland ecosystems. In wetter climatic
conditions the wet and moist ecosystems increase
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their methane production and emissions. If the
climatic change results in drier conditions, the wet
ecosystems are likely to adapt with intermediate
moisture conditions, where primary production
increase and depending on the moisture conditions,
the methane fluxes follow accordingly.

It was surprising to find that, already, at the
present climatic conditions, at least occasionally,
the tundra wetlands could be net carbon sources to
the atmosphere. In future, the short-term carbon
efflux may be substantial before vegetation
composition transform and adapt to the climatic
conditions. It will remain open if the long term
consequences of carbon loss and climatic warming
include shifts in treeline, permafrost meltdown and
palsa degradation in a large scale finally balancing
the system.
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