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Abstract. The exchange fluxes of carbon dioxide betweenpiration continued at substantial rates during autumn when
wet arctic polygonal tundra and the atmosphere were invesphotosynthesis had ceased and the soils were still largely un-
tigated by the micrometeorological eddy covariance methodfrozen. The temporal variability of the ecosystem respiration
The investigation site was situated in the centre of the Lenaluring summer was best explained by an exponential func-
River Delta in Northern Siberia (722 N, 12630 E). The  tion with surface temperature, and not soil temperature, as
study region is characterized by a polar and distinctly con-the independent variable. This was explained by the ma-
tinental climate, very cold and ice-rich permafrost and itsjor role of the plant respiration within the Gbalance of
position at the interface between the Eurasian continent anthe tundra ecosystem. The wet polygonal tundra of the Lena
the Arctic Ocean. The soils at the site are characterizedRiver Delta was observed to be a substantiabGiDk with

by high organic matter content, low nutrient availability and an accumulated net ecosystem£&@&change of-119 g nm2
pronounced water logging. The vegetation is dominated byover the summer and an estimated annual net ecosystem CO
sedges and mosses. The micrometeorological campaigrexchange of-71gni?2.

were performed during the periods July—October 2003 and
May-July 2004 which included the period of snow and soil
thaw as well as the beginning of soil refreeze. The main CO )
exchange processes, the gross photosynthesis and the ecosys- Introduction
tem respiration, were found to be of a generally low inten-
sity. The gross photosynthesis accumulated-#82 g n2

There is growing evidence that the climate system of the

over the photosynthetically active period (June—September)?arth has changed sig_nificantly sincg th_e industrial revolu-
The contribution of mosses to the gross photosynthesis wallon- The observed climate change is likely to be caused
estimated to be about 40%. The diurnal trend of the gros&t 1€ast partially by human activity, which has substantially

photosynthesis was mainly controlled by the incoming pho-2/téred the atmospheric composition by the emission of ra-
tosynthetically active radiation. During midday, the photo- diatively active greenhouse gases such as carbon dioxide

synthetic apparatus of the canopy was frequently near sat@"d methane (IPCC, 2007). The Arctic is of major inter-

ration and represented the limiting factor on gross photosyn-eSt within the contgxt of global change because it is observed
thesis. The synoptic weather conditions strongly affected thd© warm more rapidly and to a great.er extent than the res.t
exchange fluxes of C£by changes in cloudiness, precipita- of the earth surface (Maxwell, 1997; Serreze et al., 2000;

tion and pronounced changes of air temperature. The ecosy&.0lyakov et al., 2003), and much larger changes are pro-
tem respiration accumulated #8327 g nt2 over the photo- jected by climate model simulations (Kattenberg et al., 1996;

synthetically active period, which corresponds to 76% of the@isanen, 2001). Furthermore, its ecosystems are highly sen-

CO; uptake by photosynthesis. However, the ecosystem resitive to climate change (Chgpin et al., 1992; Oechel et al.,
1997b) and play a key role in many global processes, such

Correspondence td:. Kutzbach as the atmospheric and oceanic circulations (Stocker and
(kutzbach@uni-greifswald.de) Schmittner, 1997; Wood et al., 1999; Eugster et al., 2000)
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or the regulation of the global budget of greenhouse gasepaigns which were conducted in the wet arctic tundra of the

(Gorham, 1991; Roulet et al., 1992; Tenhunen, 1996). North-Siberian Lena River Delta in 2003 and 2004. The
Most land surfaces in the Arctic are covered by tundra,study shall contribute to the understanding of the physi-

treeless ecosystems whose vegetation consists primarily afal and biogeochemical interaction processes between per-

grasses, sedges, small flowering herbs, low shrubs, lichensafrost soils, tundra vegetation, and the atmosphere which

and mosses. Arctic and alpine tundra occupyx<.@ km? is necessary for assessing the impact of climate change on

or about 7.4% of the land area of the northern hemispherarctic tundra ecosystems and the possible feedbacks on the

(Matthews, 1983; Loveland et al.,, 2000). Since the biotaclimate system. The objectives of the study were to charac-

of the arctic ecosystems are closely adapted to their extremterize the exchange fluxes of G@n diurnal and seasonal

environment, climatic changes will have a severe impact ortime scales, to quantify gross photosynthesis, ecosystem res-

the distribution, composition and functionality of plant and piration and net ecosystem G@xchange on the landscape

animal communities in the tundra (Callaghan and Jonassorgcale, to analyze the regulation of the exchange fluxes by cli-

1995; Chapin et al., 1995, 1997; Walker et al., 2001). Thismatic forcings, and to estimate the annual:Gfdget of the

will cause major alterations of the energy, water and carbortundra ecosystem.

balance of the Arctic land surfaces, which will feed back on

the atmospheric system of the Arctic (Zhuang et al., 2006;

Sturm et al, 2001b; Chapin et al., 2005). While the car-2 Materials and methods

bon balance changes in northern ecosystems are estimated ,

to have only minor feedback effects on the global climate in2-1  Study site

the context of the projected anthropogenic carbon emissionsrhe investigation site was located on Samoylov Island in the
(Zhuang et al., 2006), the changes of the water and energy . - River Delta at 722 N. 12630 E. With an area of

balance by hydrological and vegetation changes in the Arctic‘32 000 kn?, the Lena River Delta is the largest delta in the
are expected to be significant also on the global scale (Bo-, '

nan et al., 1995; Lafleur and Rouse, 1995; Pielke and Vidaleﬁrigfmasngf?tze Zglt:ei(J:lrgisnte';;hg];vfgga(\g?vlgfgé?:gn
1995; Bibcker, 1997; Beringer et al., 2001; Peterson et al. 9 9 9 '

2002) 'be divided in three river terraces of different age, and vari-

The tundra ecosystems are underlain by permafrostous floodplain levels (Grigoriev, 1993; Schwamborn et al.,

. 2002). The youngest terraces and active flood-plains which
Permafrost-affected soils often have a greater content of or- .
. . 7 represent modern delta landscapes (Are and Reimnitz, 2000)
ganic carbon than soils of temperate climate zones because .
. AR occupy about 65% of the total area of the delta, predomi-
organic matter decomposition is inhibited by cold tempera- : .
! . nantly in the central and eastern part (Fig. 1).

tures, a short growing season, and water saturated soils. Cor- : . . .

The Lena River Delta is located in the zone of continu-

respondingly, the tundra ecosystems have historically been . .
major sinks for carbon and nutrients. At least 14% of the O4° permatrost with permafrost depths of about 500 m (Grig

. . ) ; oriev, 1960; Frolov, 2003; Zhang et al., 1999; NSIDC, 2003).
global soil organic carbon is stored in the tundra (Post et al.,, . .
- . With about—12°C, the permafrost temperature is very low.
1982; Billings, 1987). However, permafrost is very suscep- : .
. . . Colder permafrost is only encountered on the Taymyr Penin-
tible to long-term warming, and an increased level of per- .
. . .~ sula to the North-West of the Lena River Delta and on the
mafrost thawing might turn the tundra from a carbon sink

to a source of carbon, either in the form of €6r as CH Canadian Arctic Archipelago (Natural Resources Canada,

(Oechel et al., 1993; Christensen, 1993: Zimov et al., 1997).1%?]5t;h§3:'¥:';°(;’ea?: (ﬁr:)ﬁmgvilz%on%.) auTr?rf S;(r)lltlass%frrt]?ﬁerre-
Since CQ and CH, are the most effective greenhouse gasesg . . P yu. : . 9 . )
The climate in the Lena River Delta is characterized by

besides water vapour (Rohde, 1990), an increased release \%r low temperatures and low precioitation. The mean an-

these gases by permafrost thawing would additionally am- Y10 P . precip '

plify global warming. nual air t_empera_ture_ dur_lng_ 1961-1999, measured by the me-
In the last decade, numerous land-atmosphere flux stu teorological station in Tiksi about 100 km east of Samoylov

ies relying on the eddy covariance method have been initi-ISIand was—13.6C, the mean annual precipitation in the

ated, for example within the projects NOWES (Glooschenko same period was 319 mm (ROSHYDROMET, 2004). Data

1994), ABLE 3B (Harriss et al., 1994), BOREAS (Sellers et IL"”‘ tt‘ie dq%tgg_rgé%%ci: f’\t,agonrsn ﬁa?]‘r‘]’y":" i'rst'arrr‘]d frro?‘r
al., 1997), NOPEX (Halldin et al., 1999) or EUROFLUX o€ Perio showed a mean annual air temperature

(Valentini, 2002). Most of the eddy covariance flux studies Ogalt.:nieae?]d;izr;gglé (\)/g”rﬁrale;g::qslu3n;r:1% prggl-iga;g:
were and are conducted in the temperate and boreal zon in) ( ) (Boi "

of North America and Europe. Flux data for the Arctic re- 07). Polar day begins at 7 May and ends at 7 August,

gions are limited and are biased toward Alaska and North- 1ggike 3. wille, C., and Abnizova, A.: The climatology, and
ermn Fennoscandia. However, the vast tundra landscapes @immer energy and water balance of polygonal tundra in the Lena
Siberia are by far not adequately represented. This studRiver Delta, Siberia, J. Geophys. Res.-Biogeosciences, in review,
presents the results of two micrometeorological field cam-2007.
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Fig. 1. Map of the Lena River Delta. The location of the investigation area Samoylov Island is marked by a square. Geomorphological units
are according to Grigoriev (1993).

and polar night lasts from 15 November to 28 January. Thewet polygonal tundra. The macro-relief of the eastern part
summer growing season lasts about three months, from thef Samoylov Island is level with slope gradients less than
middle of June to the middle of September. The synoptic0.2%. Only along the shorelines of the larger lakes, eleva-
weather conditions in the Lena River Delta are characterizedion differences of up to 2.5m occur. However, the surface
by its position at the border between the Arctic Ocean and theof the terrace is structured by a regular micro-relief with ele-
Siberian mainland. During summer, the central delta regionvation differences of up to 0.5 m within a few meters, which
experiences strongly varying weather conditions due to thds caused by the genesis of low-centred ice wedge polygons
change between the advection of cold and moist air masse@Vashburn, 1979; French, 1996; Meyer, 2003). The de-
from the Arctic Ocean, and warm and dry air masses frompressed centres of the ice-wedge polygons are surrounded
the Siberian mainland. by elevated rims, which are situated above the ice-wedges.

o . The formation of low-centred polygons has a strong impact
thfi?ﬁg';\i’vgagg t'; Z'::jalfgg?];? deefgcljjttr:)el;r:;gg::aaslgnatgti?/%n the water regime and the ecological conditions of the tun-

. ra lan . Inth r lygon centr rain
for the modern delta landscapes. It has a size of 75km a landscape the depressed polygon centres, drainage

and is composed of two geomorphological units. The west-iS impeded due to the underlying permafrost, and water-
P g P 9 S - . saturated soils or small ponds occur. In contrast, the elevated
ern part (3.4 krf) represents a modern floodplain which is

flooded annually during the spring flood. The investigation polygon rims are characterized by a moderately moist wa-

) ter regime. The typical soil types are Typic Historthels in
e Ve OYgoncenies and Glac or i Aqtls o e
river terrace. Its elevation ranges from 10 to 16 m a.s.l., andpolygon rims, respectively (Soil Survey Staff, 1998). The

o . ) vegetation in the polygon centres and at the edge of ponds
it is not flooded annually. Its surface is characterized by g Polyg 9 P
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part of Samoylov Island. Wet polygonal tundra extended at
least 600 m in all directions from the eddy tower (Fig. 2).
The three-dimensional wind vector and the sonic temperature
were measured with a sonic anemometer (Solent R3, Gill
Instruments Ltd., UK) at a height of 3.65m above ground
level. The concentration of #D and CQ were measured
with a closed-path infrared gas analyser (LI-7000, LI-COR
Inc., USA). The gas analyzer was installed in a temperature-
regulated case at the foot of the tower. The sample air intake
was placed 15 cm below the centre of the sonic anemometer
transducer array. From the intake, sample air was drawn at a
rate of 20 L min'! through a heated Polyethylene tube of 5m
length and 6.35 mm inner diameter to the gas analyzer. Un-
der these conditions, turbulent flow was maintained inside
the tubing system. A &Am membrane filter (PTFE, TE37,
Schleicher & Schuell, Germany) prevented dust contamina-
tion. The analogous signals from the fast response sensors
were digitized at a frequency of 20Hz by the anemome-
ter and logged by a laptop computer running the software
EdiSol (J. Massheder, University of Edinburgh, UK). Power
Fig. 2. CORONA satellite image of Samoylov Island, taken on 22 was supplied by a diesel generator which was placed at a
June 1964. The star symbols mark the position of (1) the eddy codistance of 100 m from the tower. Wooden boardwalks con-
variance system, (2) the long-term meteorological and soil stationnected all parts of the system to reduce disturbance of the
and (3) the field laboratory. The black circle marks the 600 m ra-swampy tundra soils and the vegetation. All equipment was
dius_ around the eddy towgr, and the hatched area marks the sect@p up in a line to the west-southwest from the tower.
of discarded data due to disturbance from the power generator. In addition to the fast-response eddy covariance mea-
surements, a set of supporting slow-response meteorologi-
cal measurements were conducted. The meteorological data
were partly recorded at the eddy tower site and partly pro-
vided by a long-term meteorological station (Boike et al.,
polygon rims, various mesophytic dwarf shrubs (©gyas 2007), which is located 700 m away from'the eddy site inthe
octopetala, Salix glauda forbs (e.g.Astragalus frigidup ~ Polygonal tundra of Samoylov Island (Fig. 2). At the eddy
tower were measured: air temperature and air relative humid-

and mosses (e.¢lylocomium splendens, Timmia austriagca | . )
dominate. The maximum summer leave coverage of the vasy &t 2m height (MP103A, ROTRONIC AG, Switzerland),

cular plants was estimated to be about 0.3, both at the po|y|_ncoming and surface-reflected solar and infrared radiation
gon centres and the polygon rims (Kutzbach, 2000). The(CNRL, Kipp & Zonen B.V., The Netherlands), and air pres-

leave coverage of the mosses was estimated to be about 0.§4€ (RPT410, Druck Messtechnik GmbH, Germany). From

at the polygon centres and rims. More detailed characterizal® Incoming solar radiatios |, the photosynthetically ac-

tions of the typical soil and vegetation types of the polyg- tive radiation PAR was estimated using the equation

onal tundra on Samoylov Island was given by Pfeiffer etpAR=S | . 0.45 - 4.598 umol J™1 . (1)

al. (2002), Kutzbach (2000), Kutzbach et al. (2003, 2004a)__ . .

and Fiedler et al. (2004). Aerial photograph analysis showed! NiS method follows Jacovides et al. (2003) and was shown
that the elevated dry to moist polygon rims contribute about!® Work very accurately by direct comparison of solar radia-
60% and the depressed wet sites, i.e. polygon centres arlipn and PAR sensors during a measurement campaign in the

troughs, 40% to the total area of the polygonal tundra in the-€na River Delta in 2005 (data not shown). The long-term
fetch area around the micrometeorological tower (G. Grosseéteorological station recorded precipitation (tipping bucket
personal communication, 2005). rain gauge 52203, R.M. Young Company, USA), snow height

at a polygon centre (sonic ranging sensor SR50, Campbell
2.2 Experimental set-up Scientific Inc., USA), horizontal wind speed and direction at

3 m height (propeller anemometer 05103, R.M. Young Com-
Micrometeorological measurements were carried out duringpany, USA), air temperature and relative humidity at 0.5m
the periods 20 July—22 October 2003 (94 complete days)and 2m height (MP103A, ROTRONIC AG, Switzerland),
and 28 May—20 July 2004 (53 complete days). The eddynet radiation (NR-Lite, Kipp & Zonen B.V., The Nether-
covariance measurement system was established at a celands), and upward infrared radiation (CG1, Kipp & Zonen
tral position within the wet polygonal tundra of the eastern B.V., The Netherlands). From the upward infrared radiation
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is dominated by hydrophytic sedge3arex aquatilis, Carex
chordorrhiza, Carex rariflora and mosses (e.gLimprichtia
revolvens, Meesia longiseta, Aulacomnium turgijluf the
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L 1 p, the radiative surface temperatufg, was calculated fluxes and meteorological variables. The model approach is

using the formula described below.
]1 A footprint analysis following Schuepp et al. (1990) as-
Tour = ( L1 ) 4 @) sessed the 80% cumulative footprint, i.e. the upwind distance
e 5.67x 108 ’ from which 80% of the observed flux originated, to be on av-

where the emissivitg was assumed to be 0.98. Profiles of €rage 457 m during the snow-free periods, and 781 m during
soil temperature and soil volumetric water content were meaP€0ds when snow covered the surface.

sured at the elevated rim and the depressed centre of a poly- ) o

gon (temperature probe 107 and TDR100/CS605, respect-4 Modelling of carbon dioxide fluxes

tively, Campbell Scientific Inc., USA). Water level depth was

measured manually in intervals of 1 to 3 days in perforatedThe calculated carbon dioxide flukcoz equals the net
plastic pipes, which were installed in the soil active layer €C0SYStem C@exchange NEE which is the sum of gross

at three soil survey sites in the vicinity of the eddy tower, PhOtOSynthesiyoss and ecosystem respiratidteco  The

Thaw depth was measured in intervals of 3 to 7 days at 15§cpsy§tem respiration is composed of the respira_tion from
points arranged in a regular grid by driving a steel rod into soil microbesRsoil, r00ts Rroots, and above-ground biomass

the unfrozen soil until the hard frozen permafrost table wasRabove(Greco and Baldocchi, 1996):

encountered (Kutzbach et al., 2004b). Feoz = NEE = Porosst R
- — fgross eco

2.3 Processing of eddy covariance data = Pgross+ (Rsoil + Rroots + Rabove - (3)

Turbulent fluxes were calculated over 30 min averaging inter-The quantitiesFicoz, NEE, Reco and Pyrossindicate through-
vals using the software EdiRe (R. Clement, University of Ed- out this study fluxes of C&(and not of carbon) and have the
inburgh, UK). Three coordinate rotations were applied to theunit g =1 m~2. This unit would equal in this context the unit
wind vector components so that the mean transverse velocityy CO, h~1 m~2 which has often been used in other carbon
the mean vertical velocity, and the covariance of the transflux publications. The ecosystem respiration is well known to
verse and vertical velocities were reduced to zero for eactdepend on the temperature of the soils and the above-ground
30 min interval (McMillen, 1988; Aubinet et al., 2000). The biomass. For the modelling of the ecosystem respiration, the
time series of the C@®gas concentration was detrended us- time series of air temperature, radiative surface temperature,
ing a recursive high-pass filter with a filter constant of 300 sand soil temperature at various depths were studied with re-
(McMillen, 1988). The time lag between the signals of O spect to their ability to describe the GBuxes observed dur-
concentration and vertical wind velocity was determined anding dark periods (PAR20umol m~2s~1), when photosyn-
removed for each 30 min interval. After the calculation of the thesis was assumed to be negligible. The,@0x data and
CO; flux, transfer functions were applied to account for the temperature data was fitted using the exponential function
spectral response of the gas analyzer, the separation of the
sensors, the damping effect of the gas sampling tube and thBeco= p1 €2 ', (4)
detrending filter (Moore, 1986; Moncrieff et al., 1997). On
average, the percentage of this correction compared to th&hereT, is air, surface or soil temperature, apg and p,
.. ¢ 2 —

uncorrected C@flux was 8.5%. Additionally, the COflux  are the fit parameters. The best #0.79, N=611) was
was corrected for effects of concurrent water vapour fluxes2chieved when the radiative ground surface temperadtire
on the density of air (Webb et al., 1980). was used as independent variable (Fig. 6). Consequently, the

The calculated flux data was screened thoroughly. Datd€lationship
points were rejected when sensor outputs were out of range
and when instruments were being repaired or calibrated. TurReco = 0.0666 g m2h~1 exp(0.0785°C_1 Tsur> (5)
bulence was considered insufficient when the mean friction
velocity was below 0.1 ms'. Data gathered during periods was used for the estimation of the ecosystem respiration.
with wind directions in the sector 236270 were discarded The resulting model for night timgeco was extrapolated for
because of the possible disturbance by the generator. Altothe estimation ofReco during daytime. It was assumed that
gether, 31% and 26% of the calculated £iixes were re-  RapoveiS Of similar magnitude during day and night for the
jected in 2003 and 2004, respectively, which is comparabldnvestigated tundra canopy. This simplification has been fol-
to other studies (Falge et al., 2001). The turbulent fluxes calfowed successfully by many other studies of carbon exchange
culated over 30 min intervals were averaged over 60 min forof northern wetlands (Alm et al., 1997; Lloyd, 2001a; Hara-
compatibility with the meteorological data of the long-term zono et al., 2003). Because there were no dark nights during
meteorological station. The gaps in the data series producethe campaign in 2004, the model relies on 2003 data only.
by the screening procedure were filled by means of mod-Ecosystem respiration in 2004 was modelled using the 2003
els based on empirical relationships between the turbulenmodel, which showed to produce reasonable results.

www.biogeosciences.net/4/869/2007/ Biogeosciences, 488692007
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T T T T T T Examples of the modelling aPyrossand values of PAR gat

0.0 | - A
are given in Fig. 3.
1-2 Aug 2003
0.1 P =.076 The NEE time series were gap-filled by combining the em-
{C\ : amax = -0.0016 pirical models forReco and Pyross
o -02F R’ =0.95
S
o)
2 sl 3 Results
0 o4l 3.1 Meteorological conditions
05 In 2003, measurements started on 19 July during the final
e phase of the polar day and lasted until 21 October, when
06 +F the sun rose for only seven hours above the horizon (Fig. 4).
e ! ! ! ! ! L Generally, the year 2003 was characterized by comparatively
0 200 400 600 800 1000 1200 high temperatures; the average temperatures of JURC{11

and September (&) were 4K and 2 K higher than the long-
term averages. The months July, August, and September ex-

erienced extended periods of high air temperatures which

;ug. 3.aEn)((:iamhpcl)teofsornttT}itEi:ItlOg.itr;\lli ?ngivaetieonng;,zzs g:g;osilhnéhejﬁa/ere caused by advection of warm air from the Siberian
grossanc Pnotosy v 9 e Pe mainland. At 168 mm, the precipitation (rain) during the

riod 1-2 August 2003. Data points are hourly calculaiyghss - . .
The white star indicates the point where the canopy quantum effiéasurement period was exceptionally high. A large part of

ciency (the slope of the light response curve) is reduced to 10% ofh€ rainf_all was recorded durin.g one week at the end of July
its initial value, i.e. wherePh_satis reached. Photosynthesis rates (94 mm in six days). The precipitation pattern was reflected
are given as C@fluxes. by the water table levels: Maximum water table heights were

observed with 8cm above soil surface in the polygon cen-

tre and 8 cm below the soil surface at the polygon rim on 25

The gross photosynthestyosswas calculated as the dif-  jyly, when the strongest rainfall event occurred. Afterwards,
ference of measured G@lux and modelled ecosystem res- the water table heights decreased gradually and reached their

piration minimum at the end of September with 0 cm above soil sur-

©6) face in the centre and 13 cm below the soil surface at the rim.

The volumetric water content in the top soil (5cm depth)

For the modelling ofPyross the time series was splitinto con- in the centre and at the rim of the polygon was on average

secutive periods of two days in 2003 and three days in 20087% (saturation: 98%) and 30% (saturation: 47%) during

and fitted to PAR data using the rectangular hyperbola functhe period of unfrozen soils. During the course of the mea-

PAR (umol m?s™)

Pgross= Fco2— Reco

tion surement campaign, the thaw depth increased from 28 cm to
Praxa PAR a maximum of 48cm on 12 September. The soil tempera-
Pyross= ————— - (7) tures followed the variations of the air temperature; however,
Pmax+ a PAR

the fluctuations were damped and phase-lagged dependent
The fit parameterg and Pmax are the initial canopy quantum  on depth below the soil surface and the position within the
efficiency (initial slope of thePgross—PAR curve at PAR=0)  micro-relief. A strong temperature gradient existed in the
and the canopy photosynthetic potential (hypothetical maxi-unfrozen soil layer during the summer. Due to the relatively
mum of Pgrossas PAR approaches infinity), respectively. A high temperatures in September, freezing of the soils from
relatively short period of two to three days was chosen to rethe top began late at around 29 September. At the end of the
flect the rapid changes of the tundra vegetation, temperaturgampaign on 21 October, the top soil layers were frozen, but
and cloudiness conditions which influence the light responseinderneath the frozen layer, unfrozen soil zones of several
curve. decimetres depth persisted. A snow cover built up starting 9
As Pmax represents the theoretical photosynthesis rate aDctober. At the end of the campaign, the snow cover reached
infinite PAR, it does not represefyossin optimal radiation  a thickness of about 15-25 cm in the polygon centres and just
conditions within the actual PAR range (Laurila et al., 2001). 3 few centimetres at the rims.
For evaluating the light saturation over the season, the value |n 2004, the entire campaign was conducted under polar
PARq_satis defined in this study as the PAR value where theqay conditions (Fig. 4). The year 2004 was characterized
canopy quantum efficiency is reduced to 10% of the initial py 3 very cold winter, comparatively low temperatures dur-
canopy quantum efficienay. PAR,_satwas calculated as:  ing spring, and a late start of the growing season. The av-
erage temperatures of Apri-0°C), May (—8°C) and June

PmaX
: (8)  (1°C)were 2K, 1K and 1 K lower compared to the long-term

PARn_Sat ~ 2. 16

a
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Fig. 4. Meteorological and soil data during the measurements campaigns 2003 and/&208i4 temperature at 2 m heigh{8) daily sum of

rainfall, (C) height of water table above soil surface at the centre (squares) and the rim (triangles) of a polygon, depth of frozen ground table
(circles), and snow height (line without symbdIp) soil volumetric water content at 5 cm depth at the centre (black) and the rim (grey) of a
polygon,(E) soil temperature at the polygon centre at depths of 1 cm (black line), 10 cm (grey line), 20 cm (dotted line), and 30 cm (dashed
line).

means. At the beginning of the measurement campaign, theal rainfall up to 21 July was 60 mm. A large part of the rain
ground around the eddy tower was completely covered withfell on 8-9 July. The water table was highest during snow
snow and the soil temperatures were bele®C through-  melt (15 June) with 12 cm and 0 cm above the soil surface in
out the soil profile. The snow height was about 40 cm in thethe centre and at the rim of the polygon, respectively. After-
polygon centre and about 8cm at the polygon rim. Beforewards, the water table fell quickly, but due to the strong rain-
snow melt, sublimation of snow occurred throughout andfall events of 8—9 July stayed close below or above the soil
snow-free patches appeared at the polygon rims on 29 Maysurface in the polygon centre until the end of the campaign.
However, frequent snowfall and snow drift kept the area sizeAfter thawing of the top 10 cm of the soils, the volumetric
of the snow free patches small. The snow melt started on 8iquid water content in the top soil layer was on average 97%
June. The snow height decreased rapidly, and the polygoand 31% at the polygon centre and rim, respectively.

rims were largely free of snow after two days. Snow meltin  The average wind speed during the observation periods in
the polygon centres continued until 18 June. The soils starte¢003 and 2004 was 4.7m% Very light winds occurred

to thaw around 13 June. The highest temperature in the upp&feidom with wind speeds1ms observed less then 2%
soil layers was measured on 9 July, when the thaw depth wagf the observation time. During the campaign 2003, there
about 20cm. The thaw depth increased nearly linearly andyas no single predominant wind direction, however, wind di-
reached a value of 26 cm at the end of the campaign. The torections east-northeast, south, and south-west occurred more
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Fig. 5. CO, budget components and meteorological controls in 2003 and 2@04NEE measured by the eddy covariance metH{84,
modelled ecosystem respirati®aco, (C) modelled gross photosynthegigross(black) and gross photosynthesis near light saturatipryat
(grey), (D) photosynthetically active radiation PAKE) surface radiative temperatufgyr. NEE, Pgrossand Reco are given as C@fluxes.

frequently than other directions (data not shown). Duringterwards, the amplitude decreased, and the @&@ase dur-
the campaign 2004, there was a clear dominance of eastng night time gained more importance relative to the day-
erly winds (about 23% of the measurement period, data notime CG, uptake. After 29 September, uptake of £€@ased
shown), followed by winds from north-westerly directions. and NEE was continuously positive. At the end of the cam-
Wind directions not acceptable for flux calculations due topaign at 21 October, COrelease was still substantial with
disturbance by the generator (23@70) occurred 13.5% about 0.013gh'm~2. The NEE time series was markedly
and 5.6% of the observation time in 2003 and 2004, respecaffected by the synoptical weather pattern. For instance, dur-

tively. ing the strong rainfall on 25 July 2003 daytime £@ptake
o reached only-0.17 g i1 m~2 whereas it rose to more than
3.2 Carbon dioxide fluxes —0.50g I m~2 on the partly cloudy 26 July. Also, advec-

) ) tion events of warm air from the south were clearly visible as
During most of the measurement campaign 2003, NEE 0Sshifts to higher nightly C@release, e.g. during 4-8 August
cillated regularly between net uptake of €@uring daytime  gnd 2-7 September 2003.
and net CQ release during night (Fig. 5). Between mid-

July and mid-August, the amplitude of the diurnal oscilla- The modelled ecosystem respiration ranged between
tion was greatest, and daytime €0ptake dominated. Af- 0.01ghlm=2 and 0.55gh'm=2 during the campaign
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2003. The largesReco values and its largest diurnal am- 0.05gh i m=2 and 0.12 gh® m=2 during the first and sec-
plitude were encountered in the first week of August, whenond half of June, respectively, and to 0.16¢m~2 during
the surface temperature was at its maximum during a produly.

nounced event of advection of warm air from the south. The Before the beginning of snow melt on 8 June, gross

mean Reco during 4-8 August was 0.23ghm=2. After- photosynthesis was low with midday peak values of about
wards, Reco decreased:; it averaged to 0.11¢Hm~2 during —0.05gh*m=2. During this period, only few snow-free

the second half of August, to 0.09 ghm~2 during Septem-  patches existed at some polygon rims. During the period of
ber and to 0.03 g'ht m~2 during October. the snow melt (8—18 June), when more and more vegetation

The modelled gross photosynthesis ranged between zenwas released from the snow covéessincreased strongly
and—0.70 gt m=2 during the campaign 2003. Following to midday peak values 6£0.2 g v m~2. During the snow-
the daily trend of PAR, the amplitude of the diurnal oscil- free period Pgrossincreased further and reached midday peak
lation of PgrossWas large. From the beginning of measure- values around-0.4 ghtm=2 in July. More distinctly than
ments until about 10 August, photosynthesis took place forin 2003, the photosynthesis was limited by the canopy pho-
24 h per day, however, with only small absolute values dur-tosynthetic potential. Especially in the first phase of the cam-
ing the night hours. The largest values Rfross Were ob-  paign, Pyrossfrequently exceededt,_sqt showing a high de-
served from mid-July to the first week of August. The meangree of light saturation of the canopy. With the development
Pgrossduring this period was-0.26 gt m=2. Afterwards,  of the plants and increasing temperatures towards the end of
the Pygrossdecreased,; it averaged +0.17 ¢ 1 m=2 during June,Pn_satincreased so that the limitation @rossby the
the second half of August, and t60.07 gt m~2 during  canopy photosynthetic potential lost importance.
September. During OctobeFRgoss Was zero. During the
midday maxima of PAR Pgross frequently reachedP,_sa, 3.3 The regulation of respiration and photosynthesis
indicating that photosynthesis was limited by the saturation
of the photosynthetically active tissue of the tundra canopy.The study of the relationship between ecosystem respiration
Only on very cloudy days, middagresswas limited by ir-  Reco @and various temperatures revealed a close exponential
radiation. relationship betweemRqco and the air temperature at 0.5 m
The pattern of the NEE time series of the campaign 2004above ground as well as the radiative ground surface temper-
(Fig. 5) reflects the drastic changes of the physical condi-ature (Fig. 6a, b). However, the relationships betwRgg,
tions and the developmental stages of organisms during thignd the soil temperatures at 1 cm depth at a polygon rim and
period. Already at the last days of May, when the first snow-centre site were less clear (Fig. 6¢, d). The low performance
free patches appeared at some polygon rims, a weak diulef the exponential fits oReco and soil temperature data was
nal oscillation of NEE between night time G@mission  primarily caused by the different trends of the data series dur-
and daytime CQ uptake was observed. NEE was around ing the refreeze of soils (Figs. 4 and 5). During this time, due
+0.003 gt m=2 during the night of 28/29 May and about to the release of large amounts of latent heat, the soil temper-
—0.002 g Tt m~2 during midday of 29 May. The amplitude atures remained for a long time &@(“zero curtain effect”),
of this oscillation increased slowly during the first week of whereasRecodecreased steadily.
June. During the snow melt (8—18 June), the uptake of CO The characteristic parameters of the tundra canopy pho-
increased strongly and clearly dominated the NEE patterntosynthetic activity as derived by the fit &yossand PAR
Afterwards, the midday peak values of €Optake fluctu- data using Eq. (7) are displayed for the synthetic measure-
ated substantially on the meso-scale but increased in generatent period 2004/2003 in Fig. 7. The canopy photosynthetic
with NEE reaching a maximum of about0.25gh 1 m—2 potential Pmax generally followed the seasonal progression
on 19 July. The night time Cfemissions varied between of the air temperature, reflecting the combined effect of the
0.02gh'm=2 and 0.15gh*m=2 (mean 0.06gh'm=2)  phenological development of the vegetation and the positive
and showed no clear trend. forcing of photosynthesis by temperature. When the first
Ecosystem respiration and gross photosynthesis wersnow-free patches at the polygon rims appeared at the end
modelled beginning 2 June. Before this date, the mod-of May, PmaxWas low but detectable with0.07 ghrim—2.
els did not appropriately reflect the small-scale dynamics ofAfter 8 June, when the daily average air temperature rose
the CQ fluxes. During the period 2—20 June, the temper- above OC and the snow melt startefl;ax increased steadily
ature of the top soil layers did not exceetiC0and Reco until mid-July. The period of maximun®,ax lasted approx-
was low with little diurnal variation. AfterwardsReco in- imately three to four weeks from mid-July to the first week
creased strongly but also strongly depended on the synoptief August with Pmay values around-0.8ghtm=2 (range
cal weather pattern. The maximumé.,was modelled for —0.5gh™?! m—2-1.1 ght m~2). This period indicates the
8 July (0.57 gt m=2), when air, surface and soils temper- mature phase of vegetation. As senescence started during
atures were high during the advection of warm air from the August, Pmax decreased at a high rate, later in September
South. Recowas markedly lower during the advection of cold the decrease continued at lower rateBsyax decreased to
air from the North (e.g. 28 June-5 JulyReco averaged to  zero at the end of September, when the daily average air
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Fig. 6. Relationship between ecosystem respiration @jdair temperature at 0.5m heighk;,_o5m, (B) surface radiative temperature
Tsur, (C) soil temperature at a polygon rim at 1cm deftyi_rim—1cm @nd (D) soil temperature at a polygon centre at 1cm depth
Tsoil—centre-1cm- Data points are hourly means from dark periods (R2Rumol m2s-1) during 20 July—21 October 200vE611).
The data was fitted with exponential functions of the form given by Eq.Kddeis given as CQ flux.

temperature fell below zero. The substantial scattef iy

June to 9 July, the daily NEE alternated between net CO
around the general trend especially during midsummer wasiptake and net C&release. This was related to the synop-

at least partly related to the precipitation pattern and subsetic weather conditions and the dynamics of the underlying
quent moisture changes in the top soils and the moss layehiological and soil-physical processes, i.e. the vegetation de-
Particularly highPmax values were observed during the peri- velopment and the thawing of the permafrost soils. From 10
ods of heavy rain at the end of July. July to 31 August, daily NEE was continuously negative and

The initial canopy quantum efficienay increased simi-  averagedte-2.1gd ' m~2. The daily CQ uptake reached a
larly as Pmax, Starting at the appearance of the first snow-freemaximum of—4.6 g d"1 m=2 at the end of July. After the be-
patches and leading to the mature phase of the vegetatioginning of September, daily NEE was positive on most days
but peaked delayed comparedRgayx during the second to  except during the cold period 10-15 September. From mid-
third week of August. During autumma, decreased but still  September to mid-October, the daily €@lease was on av-
showed strong variations. erage 0.7 gd' m~2; it decreased to the end of the campaign

to about 0.3gd* m=2.
3.4 Seasonal and annual gBalance
The sums 0fPgross Reco and NEE over the whole mea-

The daily integrated components of the £Budget, Reco, surement campaign amounted @32 gnt2, 4344 gnT2
Pgrossand NEE are shown for the synthetic measurement peand —90 g n 2, respectively. From 11 June to 31 August,
riod 29 May—21 October 2004/2003 in Fig. 8. At the begin- the polygonal tundra was a net @8ink. During this period,
ning of June,Reco and Pyrosswere low and of similar mag-  Pgross Reco and NEE summed te-375gnT?2, +251gnt?
nitude, and hence resulted in very low daily NEE. From 7 and —124gn12, respectively. From the beginning of
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Fig. 8. Daily integrated CQ budget components NEReco and
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Fig. 7. Characteristic parameters of the tundra canopy photosyn-
thetic activity as derived by the fit aPgrossand PAR data using
Eq. (7). (A) initial canopy quantum efficiency, (B) canopy pho-  1997a; Panikov and Dedysh, 2000; Zimov et al., 1993; Ta-
tosynthetic potentiaPmax. (C) average air temperatufgyr. Data  ple 1). The resulting estimate of NEE during this period
points were calculated over two-day periods in 2003 and three-da)(194 days) was-14 g n2. During the period 22 October—
periods in 2004. Black lines are polynomial fits. The time series Ofl7 November, Reco Was estimated by linear interpolation
data were arranged so that they follow the seasonal course. Phot%-etWeen the \,/alue oRw measured at 21 October 2003
synthesis rates are calculated as ay@axes. N eco )
(0.013 g 1 m=2) and the value oReco 0f the second period
(0.003g 1 m=2). The resulting estimate of NEE during this
September, the polygonal tundra was a substantiap COP€rod (26 days) was-5gh m-2. Hence, the cumulative
source. NEE for tr21e one-year period 20 July 2003-19 July 2004 was
An estimate of the annual Gbudget was calculated by —71 gn=, af‘d the polygonal tundra_l of the study area_\;vas a
combining the gap-filled NEE time series of 2003 and 2004Coz smk_durlng this period. Approxmately 3.639 Q@].
with estimated values aReco for the winter and spring pe- was resp:)red by the plants and t.he. sq|l organisms, wh|gh was
riod 22 October 200328 May 2004 (220 days). The em_about 84% of the annual GQassimilation by the vegetation

pirical models ofReco @as a function of air, soil, and radia- of 432gCQm-2.

tive ground surface temperature (Fig. 6) could not be used

for the_modellin_g of the wintertim&®eco. These models did 4 Discussion

not deliver sensible results when compared to measured CO

fluxes during the first days of measurements in 2004. We as3. 1 Gross photosynthesis

sumed that air and radiative ground surface temperature did

not reflect the temperature regime in the soil, where respira4.1.1 Comparison with other tundra sites

tion took place, and that the models based on soil temperature

data were biased by the presence of a still unfrozen soil layeThe integrated value oPgyoss Of the wet polygonal tundra
in early winter. Hence, this study followed a more simple in the Lena River Delta for the period June—August was
but conservative approach for estimatiRgs, during winter ~ —383gnT2. This value was low compared Byross esti-
and spring (Fig. 9). The modelling period was divided in mates for other arctic tundra sites. EstimatesPghss for
two periods which were separated by the date when the soilthe same seasonal period for wet sedge tundra and moist tus-
of the polygonal tundra were completely frozen (17 Novem-sock tundra on the North Slope of Alaska wer19 g nT2

ber 2003, derived from soil temperature records). During theand —858 g nT2, respectively (Vourlites et al., 2000). The
period 17 November—28 Maygeco Was set constant to the lower value observed in this study is partly related to later
value 0.003gh!m~2, which is the value observed during snow melt but also to generally lowdyross values during
the night 28/29 May 2004, when the soils were still com- midsummer. The peaRgyrossvalue at the wet sedge tundra
pletely frozen. This value falls at the lower end of the rangesite described by Vourlites et al. (2000) wa$3.2gd 1 m—2

of mean winter CQ fluxes reported by other authors from whereas the peak value at the Lena River Delta was only
similar tundra sites (Fahnestock et al., 1998; Oechel et al.-8.6gd1m=2. At mixed moist to wet tundra on the
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ways on the borderline of being nutrient-limited (Ulrich and
Gersper, 1978).

Most tundra soils are characterized by a low nutrient avail-
ability due to the cold and often waterlogged soil conditions,
which slow down microbial and soil fauna activity and con-
sequently decomposition and mineralization of organic mat-
ter (Chapin et al., 1980a; Gersper et al., 1980; Shaver et al.,
1998; Johnson et al., 2000; Hobbie et al., 2002). Further-
more, the soils of the polygonal tundra at the investigation
site have to be considered as extremely poor, even when com-
pared to other tundra soils. Water-logging is prominent due
to the flat macro-relief and the development of low-centred
T : Aug'Sep' OctINovIDecI JanIFeblMarl Apr'May' Jun' T polygons. The growing season is short, and the soils are

extremely cold also during summer due to the very cold

date 2003-2004 permafrost of Northern Siberia. The parent material of the

. ) soils consists mainly of fluvial, nutrient-poor sands of the
Fig. 9. Cumulative net ecosystem excharighlEE from July 2003 y14cene river terrace. Moreover, the Holocene river terrace

to July 2004. The periods of the micrometeorological measure-,,\ pich the polygonal tundra has formed is not flooded reg-
ments are highlighted by the grey background. The stars indicate: larl during th ing flood that fresh
A=start of measurements 2003, B=start of modelling period with ularly anymore auring the spring 1lood, So that no fresh nu-

linearly decreasingeco, C=start of modelling period with constant  fi€nts are transported to the soils.
Reco0f 0.003g 1 m—2, D=start of measurements 2004, Ezend of ~ The soils at wet sedge tundra sites for which much higher
measurements 200ZNEE is given as a cumulative GGlux. gross photosynthesis was reported in the literature compared
to this study (see above) are considered less nutrient-limited
than the soils of the investigation site of this study as they
Chukotskiy Peninsula, peakyoss Was even greater with were situat('ad at t.he bottom of mountain valleys (Vourli'Fes
—14.7 gL m~2 (Zamolodchikov et al., 2003). et a_I., 2000; Laurila et al., 2001) or on fine-grained marine
sediments at coastal tundra (Brown et al., 1980; Harazono et
Harazono et al. (2003) reporzted total annua2I values ofy| '5003). On moist tundra sites, e.g. tussock tundra or shrub
Pgross in the range of—788gnT= to —539gm © for a tundra, Pgrossappears to be generally larger than at wet sedge
flooded wet sedge tundra site at Barrow, Alaska. The any,q sites due to more favourable conditions for the growth
nual Pgrossat the Lena River Delta was substantially lower o \ascyiar plants (Vourlites and Oechel, 1999; Vourlites

with —432gnT2. Zamolodchikov and Karelin (2001) esti- o 41 “2000; McFadden et al., 2003; Zamolodchikov et al.,
mated the average annuBrossfor the whole Russian tun- 2003).

dra area to be-759 g nm2. The maximum seasonal canopy
photosynthetic potentiaPmax at the Lena River Delta of 415 control by irradiation
—1.1gh1m=2 was very near to the average tundPaax
of ~1.04gh*m~2 calculated by Buchmann and Schulze arctic tundra ecosystems have often been described as light-
(1999). However, the maximum aPmax at an arctic fen  jimited ecological systems (Tieszen et al., 1980). However,
on Greenland was substantially higher wit.6g M2 the results of this study showed that during the Bgysswas
(Laurila et al., 2001; Nordstroem et al., 2001). often limited by saturation of the photosynthetic apparatus of
Consequently, the wet polygonal tundra in the Lena Riverthe canopy. Although the canopy never reached full light sat-
Delta has to be considered as a tundra ecosystem with conuration, the quantum efficiency declined substantially during
paratively low gross primary productivity. This low produc- midday high PAR intensities. A similar response Rjoss
tivity is related to the low coverage of vascular plants in theto the diurnal PAR trend was described for wet sedge and
investigated wet polygonal tundra (maximum summer leaftussock tundra in Alaska by Vourlites and Oechel (1997,
coverage about 0.3). Mosses, which have an high leaf cov1999). The leaves of vascular tundra plant species approach
erage of about 0.95 at the study site, have a much lowelight saturation at PAR values of 1300—-160Mols 1 m=2
photosynthetic capacity than vascular plants. Furthermore(Tieszen et al., 1980), a value that was not reached at the in-
the production of photosynthetically active tissue of vascularvestigation site during the growing season. However, arctic
plants is considered to be strongly constrained by a low nuimosses tend to reach light saturation already at PAR values
trient availability at the polygonal tundra of the Lena River of around 45Q:mol s~ m~2, which is exceeded on average
Delta. Tundra plants avoid nutrient limitation of photosyn- from 07:00 to 19:00 during June and July at the Lena River
thesis by limiting the amount of photosynthetic tissue within Delta. The observed limitation afyress by the amount of
the support capabilities of the amount of nutrients availablephotosynthetically active tissue in the tundra canopy under
(Tieszen et al., 1980). However, they were found to be al-the current climate support the notion that enhanced plant

2 NEE (gm?)
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Table 1. Comparison of cumulative net ecosystem £&xchangexNEE reported by other investigators and by this study. Note that the
comparison periods differ depending on the availability of dalAlEE was calculated by integrating the €@uxes over the comparison

period specified.

Reference Location Tundra type Comparison YNEE XNEE this
period (gnT?) study
(gm?)
Nordstroem et al. Zackenberg, Greenland  wet fen and Jun...Aug 1997 —120 -119
(2001) 74N, 20° W grassland
Groendabhl et al. Zackenberg, Greenland  high Arctic DOY 159...238
(2007) 74N, 200 W heath 1997 -5 -117
2000 —69
2001 -30
2002 —36
2003 -85
Lloyd (2001b) NyAlesund, Svalbard  subpolar desert, June...Aug 1995; -4 -119
80°N, 12 E mosses 1996 +5
Oechel et al. Prudhoe Bay, Alaska wet sedge June...Sep (125 d) 16 —116
(1993) 70N, 148 W 1990
Vourlites and U-Pad, Alaska moist to wet June...Aug 1994; —67 —-119
Oechel (1997) TON, 149 W herbaceous 1995 —48
Vourlites and Happy Valley, Alaska moist tussock June...Aug 1995 —-203 —119
Oechel (1999) 69N, 149 W
Vourlites et al. Happey Valley, Alaska  wet sedge June...Aug 1995 -281 —119
(2000) 69 N, 149 W
Harazono et al. Barrow, Alaska wet sedge May...Sep 1999; —593 —104
(2003) 7EN; 156 W 2000 —384
Zamolodchikov and  whole Russian tundra all types June...Sep (117 d}-103 —-121
Karelin (2001) model
Zamolodchikov et Lavrentiya, Siberia mixed: moist to mid-July... —-37.4 —47
al. (2003) 65N, 171°W wet mid-Oct., 2000
Corradi et al. (2005)  Cherskii, Siberia moist to wet July...Aug 2002 —100 —-112
69N, 162 E tussock
Corradi et al. (2005)  Cherskii, Siberia moist to wet Sep...June 62 40
69’ N, 162 E tussock 2002/2003
Zimov et al. (1993) Cherskii, Siberia moist shrub and Dec...Feb 51 7
69° N, 162 E grass 1989/1990
Oechel etal. (1997a) Alaska wet sedge Oct...May 73 35
1993/1994
Fahnestock et al. Prudhoe Bay, Alaska wet sedge Feb...May 1996 1.84 9
(1998) 70N, 148 W
Panikov and Dedysh  Bakshar Bog, Siberia ombrotrophic bog Feb 1995 7 2

(2000) 57N, 82X E
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growth under a warming climate may incred%gssand thus  temperature, the dark reactions are highly sensitive to tem-
CO, uptake by arctic canopies provided that nutrient avail- perature since the activity of Rubisco has a distinct tempera-
ability will increase in parallel (Shaver et al., 1992, 1998; ture optimum. However, the temperature optima of the pho-

Oechel et al., 2000; Hobbie et al., 2002). tosynthesis of arctic plants are broad. The photosynthesis
optima for vascular plants and bryophytes were found to be
4.1.3 Control by phenological development 10-15C and 10-19C, respectively (Oechel, 1976; Tieszen

et al., 1980). Even at°@, photosynthetic activity of Arctic
The seasonal variation dfyross Was mainly controlled by  plant species is substantial. The lower limit of photosynthe-
the phenological development of the canopy and the producsis was shown to be about4°C (Tieszen et al., 1980).
tion of photosynthetically active leave area, which in turn  Despite the adaptation of Arctic vegetation to the low
was related to the general temperature progression over th@mperatures in the Arctic, plant growth and consequently
growing season. Photosynthesis started directly when thepy,,ssis severely constrained by the low temperatures and
first snow-free patches appeared on the polygon rims at théhe short growing season. The timing of the snow melt has
end of May. Most of this early photosynthesis was proba-a great influence on the length of the growing season and
bly accomplished by mosses, whose photosynthetically acthe annualPyross Variations in growing season length prob-
tive tissues can overwinter and start to assimilate;@®  ably accounted for much of the large interannual variation
soon as it is freed from the snow cover (Oechel, 1976). Alsoin Pyossobserved by several studies in the Arctic (Vourlites
the vascular plants start to grow and photosynthesize withimand Oechel, 1997; Lloyd, 2001b; Harazono et al., 2003).
one day of snow melt (Tieszen et al., 1980). However, theirAtmospheric warming may prolong the summer period free
photosynthetic rate is at first very low since their photosyn-of frost and snow and permit a longer growing season, in-
thetically active tissues are not maintained over winter andcreased plant growth and higher g@ssimilation of both
have to be produced newly. From the start of photosynthesisvascular plants and mosses (Sveimhgson and Sonesson,
Pgrossincreased until the mature stage of the vascular plantg997; Oechel et al., 1998). When projecting future changes
was reached at mid-July. Senescence of the vascular plantst CO, assimilation due to climate change, it has to be kept
started after the first week of August afglax decreased as in mind that phenological events such as bud break, culm
proteins and other materials were hydrolyzed and mobilizedelongation and flower development in spring and summer
In contrast, the mosses showed no senescence and contis well as senescence and bud dormancy initiation in au-
ued to photosynthesize until the air temperature dropped betumn are controlled by a complex suite of environmental
low zero (Fig. 7). The shoulders of the seasonal progresand plant-internal variables including not only temperature
sion curve ofPmax (28 May—10 June and 11-29 September) but also photoperiod or species internal periodicity (Heide,
are considered to indicate periods of only moss photosynthe1990, 1997, 2005; Oberbauer et al., 1998; Keller abchiér,
sis. By interpolating between these dates, the contribution 0p003). In the Arctic, however, the timing of snowmelt and
moss photosynthesis to the tofgyossduring the photosyn-  soil thaw has to be considered as the key factor in determin-
thetically active period was estimated to be approximatelying the start of the growing season (Pop et al., 2000; Chapin
40%. Miller et al. (1980) found by harvesting methods that et al., 2005). The photoperiod would only limit significantly
mosses contributed about 30% to the gross primary producthe plant development in spring if the snowmelt would be
tion of a similar wet tundra canopy. drastically earlier (for example April) because the timing of

The non-synchronous seasonal trendsPgfx and a is snowmelt in the Arctic under the actual climate occurs dur-

probably related to the different seasonal development ofng all-day-light conditions near the summer solstice. On the
vascular plants and mosses. The coefficients of the light reether hand, the triggering of the end of the growing season is
sponse model oPyosshave a firm physiological basi®max less well understood and probably the result of several inter-
is indicative of the development and capacity of the;Gi- acting factors (Oberbauer et al., 1998; Van Wijk et al., 2003).
ation apparatus, such as the amount and activity of the carn the long-term, an extension of the growing season will
boxylation enzyme Rubisco, whereass determined by the favour species which are able to adapt to and benefit from a
leave chlorophyll content and photosynthetically active leaflonger growing season enhancing thus vegetation community
area (Vourlites and Oechel, 1999). The moss layer can behanges in the Arctic (Chapin et al., 2005).
considered to have a large photosynthetically leave area (high
a) but a markedly lower content of Rubisco than vascular4.1.5 Control by water availability
plants (lowPnayx) (Miller et al., 1980). Thus, senescence of
the vascular plants affecte®ax Stronger and earlier than Water availability is considered to be of minor importance

for the regulation of whole canopy gross photosynthesis at
4.1.4 Control by temperature the wet polygonal tundra. As neither a depressioPgbss

nor a decrease of evapotranspiration at midday by stomatal
Temperature is generally a major control factor Byoss regulation was observed, the vascular plants were consid-
While the light reactions of photosynthesis are insensitive toered to not experience appreciable water stress. However,
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the meso-scale variations around the general trenB @k ditions cause anaerobic soil conditions, and nutrient avail-
(Fig. 7) could in part be attributed to the response of mossesbility is poor as described before. Furthermore, the vege-
to water availability. Mosses are very sensitive to changes irtation is characterized by a low coverage of vascular plants
available water since they cannot control their tissue wateiand a high coverage of mosses, which are known to produce
content (Miller et al., 1980). In the periods between precip-extremely recalcitrant litter and even bactericidal substances
itation or dew events, the mosses at the moist polygon rimsn their tissues (Zimov et al., 1993; Hobbie et al., 2002).
desiccated, particularly during warm and dry weather (Lloyd, The comparison of values &coand Pyrossgiven by other
2001a, b). The desiccation of mosses led to a decrease of thatudies for tundra ecosystems reveals tRal is generally
moss photosynthetic potential which consequently also rehigher in ecosystems with highéoss With the exception
duced the whole canopy photosynthetic poten®iahx. Dur- of permanently flooded tundra types which showed relatively
ing events of rain, the tissue water content of the mosse$ow Recoand highPyoss(Harazono et al., 2003). More GO
was replenished and moss photosynthetic potential resumeig assimilated by the vegetation in tussock tundra (Vourlites
quickly (Sveinbprnsson and Sonesson, 1997). These pro-and Oechel, 1999; Vourlites et al., 2000; Corradi et al., 2005)
cesses were clearly observable from the middle of July to thehan in wet sedge tundra (Vourlites and Oechel, 1997; this
beginning of August, when periods of high precipitation al- study), but also more C{s released by the respiratory pro-
ternated with dry and warm periods and the calculdtggk ~ cesses. At arctic semi-desert sites, the rates of Rt
fluctuated substantially on the scale of several days. An alterand Pyrossare much lower compared to all real tundra sites
native or complementing explanation for the increaBgdx  (Lloyd 2001a, b). Regional comparison studies on Green-
during rainy periods could be that during cloudy weather theland and arctic Alaska found thaeco increased with the
diffuse radiation is higher, which is more effective in feeding leaf area index LAI. This was explained by a combination
photosynthesis than direct sunlight (Roderick et al., 2001;of greater leaf maintenance respiration increasing with LAl
Stanhill and Cohen, 2001; Gu et al.,, 2003; Rocha et al.,and increased soil respiration due to better litter quality and
2004). larger root biomass at higher productivity sites (Soegaard et

al., 2000; McFadden et al., 2003).
4.2 Ecosystem respiration

4.2.2 Control by temperature
4.2.1 Comparison with other tundra sites

Most of the variation ofReco during summer and autumn
The averageReco Observed at the polygonal tundra of the could be well modelled by an exponential function between
Lena River Delta during summer and the autumnal periodRec,and the surface temperatu?<0.79 for the 2003 cam-
of refreezing was comparatively low. It amounted to 60% paign). The good performance of tha, model based
of averageReco Observed at a moist to wet tussock tundra on surface temperature can be explained by the importance
at the Kolyma River lowlands in North-East Siberia (Corradi of the above-ground plant respiration. Although most of
et al., 2005), to 60% 0OReco at moist to wet tundra on the the biomass in wet sedge-dominated tundra ecosystems (80—
Chukotskiy Peninsula (Zamolodchikov et al., 2003), to 47—-88%) is belowground in roots and rhizomes of the grasses
54% of Reco at @ high arctic fen (Soegaard and Nordstroem,and sedges (Billings et al., 1977; Chapin et al., 1980b), 30—
1999; Nordstroem et al., 2001), to 38—44%Ratcat tussock  46% of summemRecoin grass and sedge tundra was found to
tundra at an Alaskan mountain valley (Vourlites and Oechel,originate from above-ground sources (Peterson and Billings,
1999; Vourlites et al., 2000) and to 50% of the aver®gey,  1975; Nordstroem et al., 2001; Zamolodchikov and Kare-
modelled for the whole Russian tundra area (Zamolodchikovin, 2001). This high respiration in the relatively small
and Karelin, 2001). On the other harfhc, observed in this  aboveground biomass reflects the intense biological activ-
study was equal tReco at wet sedge tundra at an Alaskan ity inside the arctic plants during the short growing season.
mountain valley (Vourlites et al., 2000), about two times Within only three months, the vascular tundra plants have
higher thanReco reported for flooded wet sedge tundra at the to develop their complete photosynthetically active tissue, to
coastal plain of Alaska (Harazono et al., 2003) and about 2.3lower and to senesce. All these processes imply intense al-
times higher tharReco at an high-arctic semi-desert at Sval- location of nutrients and carbohydrates, which is powered by
bard (Lloyd, 2001a). autotrophic respiration. Furthermore, soil and root respira-

Major controls onRecoare temperature, soil moisture, wa- tion was shown to be most prominent in the uppermost cen-

ter table position, soil redox conditions, nutrient availabil- timetres of tundra soils (Billings et al., 1977; Sommerkorn,
ity, vegetation type and litter quality (Hobbie et al., 2002; 1998). However, heterotrophic respiration can not be as-
Ping et al., 1997; Christensen et al., 1998; Zamolodchikovsumed to have a significant contribution to the above-ground
and Karelin, 2001). Most of these control factors are notrespiration, because there is not much litter above the ground
favourable for a higlReco at the wet polygonal tundra of the surface, which would mean on the dense moss layer or be-
Lena River Delta: Soil temperatures are low due to the verytween the living moss stems. An additional explanation for
cold permafrost in the region. Widespread water-logged conthe poor fits 0fReco to the soil temperatures compared to the
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surface temperature is that the soil respiration probably de60cm. Oechel et al. (1997a) also observed very high win-
clined gradually during the refreeze period in response to theer fluxes of 1.1gd'm~2 and 0.29gd!m—2 at Alaskan
continuously low temperatures while the temperatures itseltussock and wet sedge tundra, respectively. Harazono et

stayed stable due to the “zero curtain” effect. al. (2003) observed occasional large pulses of €@ission
from a frozen and snow-covered flooded wet sedge tundra in
4.2.3 Seasonal progressionRdco Alaska during May, which they related to events of high wind

speed causing snow saltation and the release of S@ed
At the polygonal tundra of the Lena River Delta, 70% of the in the snow pack. In contrast, Fahnestock et al. (1998) ob-
estimated annuateco took place during the summer months served much lower winteReco values of 0.02 gdl m~—2 at
June-August. This value is well within the range of 60-80% Alaskan wet sedge tundra. In this stullyc, was measured
estimated by Coyne and Kelley (1975). However, also theas 0.072 gd! m=2 at the end of May. This value fell in be-
autumn was found to be important for the dynamictedo  tween theReco values reported by the previous studies and
at the investigation site. About 20% of the estimated annualvas assumed to be representative Rggo during the whole
RecoWas achieved in September. During the freezing of thewinter and spring period. It is thought that this estimation
soils from October to mid-NovembeReco amounted to 6%  method neither underrated nor overrafg, drastically, but
of the annual ecosystem respiration. The so-called “periodhe considerable uncertainty of estimates for the wirigp
of autumnal carbon emission” (Zamolodchikov and Karelin, and consequently also of the annual Q@idget should be
2001) is a common feature of high-latitude ecosystems andept in mind.
is one of the causes of the high atmospherig€@ncentra-
tion during winter which was observed over northern Siberia4.3 Net ecosystem CQexchange
(Fung et al., 1987; Zimov et al., 1993; Zamolodchikov and
Karelin, 2001). The ecosystem of the wet polygonal tundra is character-

On the other hand, no pronounced period ob@®t emis-  ized by a comparatively low intensity of carbon cycling.
sion during spring snow melt was observed as reported foBoth main CQ exchange processes between the ecosystem
a range of tundra sites (Vourlites and Oechel, 1997; Soeand the atmosphere, the gross photosynthBgissand the
gaard et al., 2000; Vourlites et al., 2000; Nordstroem etecosystem respiratioRec, Were low due to the environ-
al., 2001; Zamolodchikov and Karelin, 2001; Corradi et al., mental conditions at the site, which include climatic as well
2005). During the snow melt period 2004, dalgco ex- as pedogenetic factors. The net ecosystem exchange NEE
ceededPgrossonly slightly and for only a few days. Photo- depends on the balance of €@ptake by Pyrossand CQ
synthesis started directly when the first snow-free patches apemission byReco Since the two opposed fluxé%ossand
peared and outweighed the low respiration. Similar early seaReco are much larger than their balance NEE, small relative
son trends of C@exchange were reported for tussock tundra changes inPgrossOr Reco Can cause large relative changes of
and flooded sedge tundra in Alaska by Vourlites and OecheNEE. The measurements presented in this study showed that
(1999), and Harazono et al. (2003). It is suggested here thahe wet polygonal tundra of the Lena River Delta was a sub-
the reason for this pronounced difference in the seasongl COstantial net C@sink during the summer{119 g nT2 during
progression may be related to the interannual variability ofJune—August). Also on the annual basis, the polygonal tun-
the timing of snow melt, which is thought to have a strong dra was estimated to be a @8ink (—71 g nT?) because the
effect on the balance of early seasBjiossandReco (Groen-  CO; efflux during autumn, winter and spring was assessed to
dahl et al., 2007). be moderate{48 g nT2 during September-May).

The approach for the estimation B¢, during winter and In Table 1, the cumulative NEE observed in this study is
spring performed in this study resulted in a comparativelycompared with NEE values reported from other tundra sites
low value of winter and springReco Of 4% of the annual for different time periods. The cumulative G@ptake ob-
Reco It is well known that microbial (bacterial and fun- served during summer at the polygonal tundra in the Lena
gal) respiration takes place also during much of the winterRiver Delta was similar to values reported for a high-arctic
(Zimov et al., 1993; Oechel et al., 1997a; Fahnestock et alfen in Greenland (Nordstroem et al., 2001), a moist to wet
1998; Grogan et al. 2001). Microbial respiration contin- tussock tundra at the Kolyma River lowlands in North-East
ues even in soils cooled down +89°C (Flanagan and Bun-  Siberia (Corradi et al., 2005) and a mixed moist and wet
nell, 1980; Michaelson and Ping, 2003; Panikov et al., 2006) tundra at the Chukotskiy Peninsula (Zamolodchikov et al.,
Furthermore, C@which has been produced during autumn 2003). The mean summer GQ@ptake for the whole Rus-
and trapped in the frozen ground can probably be releasedian tundra area modelled by Zamolodchikov and Karelin
in winter via small cracks in the frozen ground. (Zimov et (2001) was slightly lower than the value observed in this
al., 1993; Oechel et al., 1997a). For instance, Corradi et alstudy. On the other hand, summer cumulative,G@take
(2005) reported substantiBb.,0f 0.65gd*m—2 atwettus-  was several times higher at wet sedge and tussock tundra sites
sock tundra at the Kolyma River lowlands in April, when the at an Alaskan mountain valley (Vourlites and Oechel, 1999;
temperature in the top soil wasl3°C under a snow pack of \Vourlites et al., 2000) and at wet sedge tundra at the Alaskan
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coastal plain (Harazono et al., 2003). However, cumulativeportance of long-term flux studies for the assessment of how
summer CQ uptake at a moist to wet polygonal tundra at Arctic ecosystems will respond to a changing climate and
the coastal plain of Alaska was only about half the valuehow this response will feed back to the climate system.
measured in this study (Vourlites and Oechel, 1997). The The carbon balance of the wet polygonal tundra is not
cumulative summer CPuptake at high-Arctic dry ecosys- complete with the study of C£because the polygonal tun-
tems was observed to be — though very variable over differ-dra is also a source of methane (§HMethane is an impor-
ent years — substantially lower than at the studied polygo-tant radiatively active trace gas, second only to,@Qts cu-
nal tundra (Lloyd, 2001b; Groendahl et al., 2007). The es-mulative effect on the additional anthropogenic greenhouse
timated annual C®sink strength at the polygonal tundra of effect. The global warming potential (GWP) of GHbr a
the Lena River Delta was equal to the sink strength of a high-100-year time horizon is about 25 times the GWP of,CO
arctic fen at Greenland (Soegaard et al., 2000) and abouPCC, 2007). During the micrometeorological campaigns
half of the sink strength of wet tussock tundra at the Kolyma 2003 and 2004 described in this study, also the ecosystem ex-
River lowlands (Corradi et al., 2005). On the other hand, itchange of Cld was measured by the eddy covariance method
was about four times the average sink strength estimated fofWille et al., 200%). The cumulative Cli emission over the
the whole Russian tundra area (Zamolodchikov and Karecombined measurement periods 2003 and 2004 was calcu-
lin, 2001), which is due to a markedly higher estimate for lated by Wille et al. to be 2.4 gnf which corresponds to a
Reco, €specially for the winter period by the latter authors. carbon (C-CH) release of 1.8g m?. The cumulative CQ
Given the observed high spatial variability of NEE between ecosystem exchange NEE over the combined measurement
tundra ecosystems, generalised conclusions on the responperiods of—90 gnT 2 calculated in this study corresponds
of the biome tundra on climatic change appear questionabléo a carbon (C-C@) uptake of 24.5gm?. Consequently,
(Oechel et al., 1993, 2000). the C-CH, release was about 7% of the net C-Captake

The function of tundra ecosystems as£X0urces or sinks  over the combined measurement period 2003 and 2004 (end
was found to fluctuate considerably on the inter-annual ancdf May to middle of October). The annual cumulative C-
decadal scales in response to fluctuating meteorological corCHy release of 2.25 g ? estimated by Wille et al. was 12%
ditions and changing climate (Groendahl et al, 2007; Oechebf the annual cumulative C-GQuptake of 19.4 g m? esti-
et al., 1993, 2000). The only eddy covariance study on NEEmated in this study. The ratio of the Gldmission to the C®
performed for more than two growing seasons in the Arc-uptake was substantially lower at the studied Arctic polygo-
tic demonstrated large inter-annual differences of summenal tundra compared to other Siberian wetlands with higher
CO, net ecosystem exchange at a high-Arctic heath tundraCHs emissions (Friborg et al., 2003; Corradi et al., 2005).
ranging over more than one order of magnitude, i.e. fromThe greenhouse gas balance expressed as mass flux,of CO
—5gm2to—85¢gnT?2 (Groendahl et al., 2007). This shows equivalents was calculated considering the 100-year GWP of
that CQ flux results from one or two years as given by most CH4 of 25 (IPCC, 2007). It was around60gnT? (up-
of the published work including this study can not be gener-take) for the combined measurement periods (end of May
alised easily to be valid on the multi-annual time scale whichto middle of October) and not significantly different from
is most relevant for regional and global carbon budgets agero -4 gm2) for the annual estimates of G&@nd CH,
well as climate change projections. Oechel et al. (1993)exchange. Further discussions on the greenhouse gas balance
stated that Alaskan tussock and wet-sedge tundra ecosysan be found in Wille et al. (200%)
tems, which were strong GGinks in the cool and wet 1970s
(Coyne and Kelley, 1975; Chapin et al., 1980a), had changed .
to a pronounced net GGsource during the mid-1980s and © Conclusions

the early 1990.5 due to th? accgleration of soil Qecompositionrhis study delivered a range of new results on the processes
under a warming and drying climate. Even during the Warmm, of the CQ cycling at wet arctic tundra of Northern Siberia

phqtosynthetlcally active season (June-September), the ©Which are considered to be of concern not only for the Lena
amined tundra ecosystems were net Csdurces. How-

ever, the same authors reported that between 1992 and 199 ver Delta but also for the extensive area OT the North
) . : iberian lowland tundra as a whole. On the basis of the pre-
in response to further warming and drying, net summer re-

leases of C@to the atmosphere of both ecosystems declined,sented results and discussions, the following main conclu-

and they eventually became @®inks again (Mourlites and sions are drawn:

Oechel, 1997; Oechel et al., 2000). The authors suggesteg T(rlle) (ir% blﬁg?;ﬁgg?slt?r\ﬁ; tl%itﬁt?ntgr?tirli\lliﬁ;de et(ezrr;utnheed
that the return to C@sink activity of the tundra ecosys- y L P y VA

) . . ; very cold and ice-rich permafrost which underlies the tundra
tems was related to changes in nutrient cycling, physiolog-

. o . . ._ 2 of Northern Siberia, (3.) the wetland character of polygonal
ical acclimation, and population and community reorganiza-

tion which enhanced the gross primary productivity of the  2jilie, C., Kutzbach, L., and Pfeiffer, E.-M.: Methane emission
tundra vegetation (Shaver et al., 1998; Chapin et al., 1995from Siberian arctic polygonal tundra: Eddy covariance measure-
2005; Sturm et al., 2001b). These findings underline the im-ments and modeling, Glob. Change Biol., in review, 2007.
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tundra, (4.) the position at the interface between the Arcticnual CGQ balance which should be addressed in future winter
Ocean and the Siberian mainland, (5.) the long duration ofcampaigns. The temporal variability &, during summer
the snow coverage, (6.) the generally low nutrient status ofwas best explained by the surface temperature and not by
the soils at the site, and (7.) a vegetation cover which isthe soil temperature. This finding demonstrated the high and
dominated by sedges and mosses. often overlooked importance of the autotrophic plant respi-
The exchange fluxes of G&howed clear seasonal trends ration within the CQ balance. Indeed, the composition and
on which the diurnal oscillation and pronounced meso-scaleroductivity of the vegetation had to be considered as major
variations were superimposed. The meso-scale variationsontrols onReco.

were related to the synoptic weather conditions and strongly uUnder the observed meteorological conditions, the wet
affected the exchange fluxes through changes of cloudinesgolygonal tundra of the Lena River Delta acted as aCO
precipitation and pronounced changes of air temperaturesink with a cumulative net ecosystem g€@&xchange NEE
Thus, the large-scale atmospheric circulation patterns, for exof —119 g n12 over the summer (June—August) and an esti-
ample the phase of the Arctic Oscillation, have a strong in-mated annual NEE of 71 gnt2. A more complete carbon
fluence on the function of the North-Siberian tundra as a sinkpalance must include the release of {ftbm the ecosystem
or source of CQ. to the atmosphere. Since the carbon released asn@HK ob-
The CQ budget of the wet polygonal tundra was char- served to be about 7% of the carbon uptake as 6@r the
acterized by a generally low intensity of the main £O combined measurement period 2003 and 2004 and estimated
exchange processes between the ecosystem and the atmig-be about 12% of the carbon uptake as,@@er the whole
sphere, namely the gross photosyntheBigoss and the  year (Wille etal., 200%), this will still result in a clear carbon
ecosystem respiratio®eco Both processes were attenu- sink function of the investigated wet arctic tundra, both for
ated by the unfavourable environmental conditions at the sitethe vegetation period and the whole year. However, consid-
which included climatic as well as pedogenetic factors. ering the high global warming potential of GHthe annual

The cumulativePgrossamounted to-432gnT2 over the  greenhouse gas balance of the investigated Siberian tundra
photosynthetically active period (June-September). The&an be estimated to be near-neutral.
rather low PgrossWas related to the low coverage of vascu-
lar plants, mainly sedges, and a high coverage of mosses at _
the polygonal tundra. The contribution of moss photosynthe-fb“_:knc’\’\llecj_gememswe W.OUId like to _thank the members of the
sis to the annuaP was estimated to be about 40%. The joint Russian-German field expedl_tlons LENA-ANABAR 2003

) gross T ) and LENA 2004, namely W. Schneider, G. Stoof, L. Heling, and

gross primary productivity of the vegetation of the wet polyg- U. Zimmermann, as well as our Russian partners D. Y. Bolshianov
onal tundra was constrained by the low nutrient availability (arctic and Antarctic Research Institute, St. Petersburg), M.

in the soils. N. Grigoriev (Permafrost Institute, Yakutsk), A. Y. Derevyagin

The diurnal response afgrossWas mainly controlled by  (Moscow State University), D. V. Melnitschenko (Hydro Base
the irradiation. During midday the photosynthetic apparatusTiksi), A. Y. Gukov (Lena Delta Reserve) and their colleagues at
of the canopy was frequently near saturation and representeie respective institutes.
the limiting factor onPyr0ss The seasonal progression of _
PgrossWas controlled by the combination of the phenolog- Edited by: T. Laurila
ical development of the vegetation and the general temper-
ature progression over the summer. The phenological de-
velopment of the plants was largely controlled_ by intrinsic paterences
factors. However, temperature was also a major control on
Pgrossat the investigation site since photosynthesis took placeym, J., Talanov, A., Saarnio, S., Silvola, J., Ikkonen, E., Aaltonen,
for most of the time below its temperature optimum. Onthe H_ Nykanen, H., and Martikainen, P. J.: Reconstruction of the
other hand, water availability had only minor importance as  carbon balance for microsites in a boreal oligotrophic pine fen,
control on Pyross due to the wet soil conditions at polygo- Finland, Oecologia, 110, 423-431, 1997.
nal tundra. Only when the mosses at the drier microsites ofire, F. E. and Reimnitz, E.: An overview of the Lena River Delta
the polygon rim experienced water streBgosswas reduced setting: geology, tectonics, geomorphology, and hydrology, J.
significantly. Coastal Res., 16(4), 1083-1093, 2000.

The cumulativeReco amounted to+327 g nt2 over the  Aubinet, M., Grelle, A., Ibron, A, etal.: Estimates of the annual net

. : . : carbon and water exchange of forests: the EUROFLUX method-
photosynthetically active period (June—September), which
) ology, Adv. Ecol. Res., 30, 113-175, 2000.

corresponded to 76% of the cumulatiVgress However,

. . . Beringer, J., Tapper, N. J., McHugh, I., Chapin Ill, F. S., Lynch, A.
Reco continued at substantial rates during autumn when pho- H., Serreze, M. C., and Slater, A.: Impact of Arctic treeline on

tosynthesis had ceased and the soils were still largely un- synoptic climate, Geophys. Res. Lett., 28(22), 4247—4250, 2001.
frozen and to a lesser degree throughout the winter angjiings, W. D.: Carbon balance of Alaskan tundra and taiga ecosys-
spring. The significantReco during autumn, winter and tems: past, present and future, Quaternary Sci. Rev., 6(2), 165—
spring was a major but highly uncertain factor in the an- 177, 1987.
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