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1 Summary and Conclusions

The goal of this study was to gain an understanding of the small-scale variability of CO,
fluxes in wet tundra types. The investigation aimed at showing the spatial variability of the
magnitude of CO, fluxes and at explaining differences in the mode of operation of their
driving forces. Due to the fine-grained heterogeneity of the tundra, an understanding of the
small-scale patterns can increase the insight into functional interrelations of the ecosystem.
The study focused on the CO; fluxes from soils and the soil-covering moss layer. The CO,
efflux from the soil to the atmosphere (soil respiration) describes the mobilization of carbon
from the soil organic matter, the largest carbon store of the tundra. Mosses form the extensive
interface between soil and atmosphere in tundra. Via their photosynthesis, they function as a
filter for the CO; efflux originating from soil respiration.

To accomplish the overall goal, an existing measuring-technique was refined and a new
method was developed: The application of CO, gas-exchange in dynamic differential mode
resulted in the high-resolution capture of the CO, fluxes both in time and space. Continuous
in situ measurements of the soil-moss system were accomplished by means of a transparent
and conditioned chamber. The model used for describing the temperature response of soil
respiration (Lloyd and Taylor 1994) allowed for a changing temperature sensitivity of the
process across the temperature range. This provided an additional parameter for the
description of CO, flux control. Individually fitted models describing the CO;, fluxes of each
investigated microsite permitted the identification of spatial differences with respect to the
mode of operation of the controlling factors. Correlating the obtained model parameters with
biotic and abiotic site characteristics of the microsites allowed to describe the control of CO,
fluxes on a higher level.

Field experiments were carried out at seven microsites in three tundra types of the Taimyr
Peninsula, North Siberia, during July and August of 1995 and 1996. At the intensive study site
“Lake Labaz* within the belt of the “Southern Arctic Tundra®, a tussock tundra and a wet
sedge tundra were investigated. Within the belt of the “Typical Arctic Tundra®, measurements

were carried out in a low-centre polygonal tundra at Lake Levinsson-Lessing.

The diurnal course of soil respiration of all microsites was determined by depth to water table
and soil temperature at two centimetres depth. The position of the water table controlled the

total level of soil respiration by determining the soil volume available for aerobic processes.
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The soil temperature modified this signal level. The high correlation of soil respiration with a
temperature close to the soil surface indicates the source for the bulk of the respired CO; to be
in the uppermost horizon. An individually fitted soil respiration model on the basis of the
position of the water table and soil temperature at two centimetres depth was capable to
explain more than 90 % of the variations of soil respiration. Differences in the magnitude of
the CO; fluxes were much greater between directly adjacent microsites than between the
different study areas. The highest daily means of soil respiration of 10.9 g COy*m™*d™! were
obtained at the comparatively dry microsites in the tussock tundra (tussock, moss hummock).
These microsites also showed the lowest positions of the water table and the highest soil
temperatures. The lowest daily means of soil respiration were measured at the wet and cold
depressions of the tussock tundra and the polygonal tundra, as well as in the wet sedge tundra.
When focusing on the relative potential of soil respiration instead of on the absolute
magnitude of fluxes, a contrasting pattern was found. The wet and cold microsites showed a
much greater relative response to changes in water table position and soil temperature than the
dryer, warmer microsites. Two factors were responsible for this pattern. First, the Oy, as a
measure of the relative temperature sensitivity, ranged from 2.2 to 3.0 at the wet microsites, in
combination with the mean soil temperature. Furthermore, the increase of the Oy with
decreasing temperature was much more pronounced at the wet microsites. Second, the
response of soil respiration to water table position was much stronger at positions close to the
soil surface, in particular at the wet microsites. The correlation analysis revealed that both
parameters - high O values and strong response to changes in depth to water table - can be
explained by the availability of carbon for metabolic purposes.

The described process patterns of soil respiration also determined the response of the three
different tundra types to scenario simulations with altered water table and soil temperature
regimes. The calculation of the CO; efflux for the tundra types on the basis of the relative area
shares of the microsites showed that the greatest relative response of soil respiration occurred
in the homogeneously wet area of the wet sedge tundra. However, the tussock tundra showed

the highest absolute CO, effluxes for all scenario calculations.

The mosses of the investigated communities showed high water contents during the
experimental periods, indicating that they were capable of using the soil water as water
supply. From the observation that soil respiration exceeded moss photosynthesis during

extended periods of the day, a CO,-enriched immediate environment of the mosses is inferred.
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The temperature of the photosynthetically active parts of the mosses was affected by the
degree of vascular plant coverage and the position of the water table. The in situ measuring
method of CO; fluxes of the soil-moss system developed in the scope of this study guaranteed
the maintenance of the natural conditions (water content, CO, concentration, light and
temperature gradients) over the experimental periods. The photosynthetic capacity of the moss
communities was higher at the dryer microsites as compared to the wet microsites. The
mosses of the dry microsites achieved maximum gross photosyhthetic rates of
450 mg CO*m™*h™ with saturating irradiances of 450 umol*m™*s™". In contrast, the mosses
of the wet microsites showed maximum rates of 80 mg CO,*m™>*h’! and they were light
saturated already at 100 pmol*m™*s™,

The soil-moss systems of all microsites investigated showed a net loss of CO, to the
atmosphere on the daily scale. The absolute net effluxes ranged from 0.07 g CO*m™*d! to
4.65g CO,*m™?*d”. The highest relative reductions of the CO, efflux originating from soil
respiration by the photosynthesis of the mosses were achieved at the low-apex of the
polygonal tundra. Here, the mosses assimilated 99 % of the soil-respired CO; on a daily scale.
The lowest relative reduction rates were obtained in the wet sedge tundra, with also 35 % of
the CO, efflux assimilated again. Neither the relative reduction of the CO, efflux nor the
absolute net CO, flux of the soil-moss system could be linked to an overall pattern. Both were

determined by the microsite dependent interplay of microclimatic parameters.

The whole system (soil, moss, vascular plants) of the depression of the polygonal tundra at
Lake Levinson-Lessing was a strong sink for atmospheric carbon during the experimental
periods. Carbon was accumulated with rates of 4.8 and 5.7 g CO*m™*d"'. The bulk of the
CO; gain was contributed by the vascular plants, mosses accounted for 26 and 31 % of the
total assimilation. Total assimilation rates at the microsite may be reduced by low irradiance
levels, since the photosynthesis of the vascular plants was not light-saturated until
700 pmol*m **s™. The contribution of the aboveground portion of the vascular plants to the
total system respiration was only 10 %. Therefore, the water table determined the total system
respiration through its control of soil respiration. Thus, the position of the water table

controlled the net CO; flux of the whole system over a wide range of irradiance conditions.
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Conclusions

e Differences in magnitude and controls of CO; fluxes in the tundra were assigned to the
microsite scale of the tundra. Therefore, measurements on this scale are especially useful
for the revelation of functional interrelations in this ecosystem.

e The method of CO; exchange in dynamic mode was especially capable for the high
resolution capture of data both in time and space. This proved to be important for the
correlation of the observed fluxes with the controlling variables and therefore for the
revelation of process differences. This was in particular valid for measurements of moss
photosynthesis, because irradiance changes within short intervals. The newly developed
soil-moss system chamber permitted measurements of the CO, fluxes of the structurally
intact system for the first time.

e The application of a soil respiration model which was individually fitted to each microsite
allowed the quantification of process parameters and their correlation with microsite
characteristics. In particular the use of a temperature model which allowed for a changing
temperature sensitivity of the process across the temperature range (Lloyd and Taylor
1994) provided an important additional process parameter.

e Soil water table is the primary controlling factor for the carbon balance of wet tundra types.
On the one hand, it directly controls the aerated soil volume and thus the total magnitude of
soil respiration. On the other hand, it affects the water content of the soil-covering moss
layer, which can assimilate major portions of the soil-respired CO, in hydrated state.
Because soil respiration contributes about 90 % of the total CO, efflux from a wet tundra
type, the position of the water table determines the total magnitude of the net-system flux
of the whole system as well.

e Sites with permanently high positions of water table comprise a great potential of soil
respiration to change with altered water table positions and soil temperatures. High QO
values at low temperatures, a strong increase of Q;p with decreasing temperatures, and a
steep response of soil respiration to a falling water table are features of the soil respiration
process at these sites. They can be explained by the availability of carbon for metabolic

purposes.
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1.1 Zusammenfassung und Schlufifolgerungen

Ziel dieser Studie war es, ein Verstdndnis der kleinrdumigen Variabilitdt von CO,-Fliissen in
nassen Tundraformen zu erlangen. Die rdumliche Variabilitdt in der GréBenordnung der CO,-
Flisse sollte aufgezeigt, und Unterschiede in der Wirkungsweise der sie steuernden Faktoren
sollten beschrieben und erklért werden. Durch ein Verstdndnis der kleinrdumigen Muster ist in
Tundren, mit der ihnen eigenen feingestreuten Heterogenitdt, Einsicht in Gkosystemare
Gesamtzusammenhinge moglich. Besonders berticksichtigt wurden in dieser Studie die CO,-
Fliisse der Boden und der bodenbedeckenden Moosschicht. Der CO,-Flu} vom Boden zur
Atmosphire (Bodenatmung) beschreibt die Mobilisierung von Kohlenstoff aus der
organischen Bodensubstanz, dem grofiten Kohlenstoffspeicher von Tundren. Moose bilden in
Tundren flichendeckend die Grenzschicht zwischen Boden und Atmosphére. Uber ihre
Photosynthese iiben sie eine Filterfunktion auf das aus der Bodenatmung stammende CO, aus.
Um das angestrebte Ziel zu erreichen, wurde eine bestehende Memethode verfeinert und eine
neue MeBmethode entwickelt: Die Anwendung der CO;-Gaswechsel-Methode im
dynamischen System fithrte zu einer zeitlich und rdumlich hochauflésenden Erfassung der
CO,-Flilsse. Eine neuentwickelte transparente, klimatisierte Kammer ermdglichte die
kontinuierliche in situ Messung am ungestdrten Boden-Moos-System. Das zur Beschreibung
der Temperaturabhingigkeit der Bodenatmung verwendete Modell erlaubte eine Anderung der
Temperaturempfindlichkeit des Prozesses tiber den Temperaturbereich. Diese Eigenschaft
stellte einen zusitzlichen Faktor fiir die Beschreibung der Steuerung der CO,-Fliisse zur
Verfligung. Durch eine individuelle Modellierung der CO,-Fliisse der untersuchten
Kleinstandorte konnten rdumliche Unterschiede in der Wirkungsweise der Steuerfaktoren
quantifiziert werden. Die Korrelation der Modellparameter mit den biotischen und abiotischen
Charakteristika der Kleinstandorte erlaubte Aussagen iiber die Kontrolle der CO,-Fliisse auf
einem hoheren Niveau.

Wihrend der Monate Juli und August 1995 und 1996 wurden Messungen an sieben
Kleinstandorten in drei Tundraformen der Taimyr-Halbinsel in Nord-Sibirien durchgefiihrt.
Am Standort ,,Labaz-See“ in der ,stdlichen arktischen Tundra“ wurden die , Tussock-
Tundra®“ und die ,,Wet-Sedge-Tundra® untersucht, in der ,typischen arktischen Tundra“ am
Standort ,,Levinson-Lessing-See”* wurden Messungen in der ,,Low-Centre-Polygon-Tundra®
durchgefiihrt.

Der Tagesgang der Bodenatmung aller Kleinstandorte wurde durch den Bodenwasserstand
und die Bodentemperatur in zwei Zentimeter Tiefe bestimmt. Indem er die Méchtigkeit des
fiir aerobe Prozesse zur Verfligung stehenden Bodenvolumens bestimmte, gab der

Bodenwasserstand die Grofenordnung der Bodenatmung vor. Auf dieses Niveau konnte die
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Bodentemperatur modifizierend einwirken. Die hohe Korrelation der Bodenatmung mit einer
Bodentemperatur nahe der Bodenoberflache zeigt, dafl der GroBiteil des CO; aus dem obersten
Bodenhorizont freigesetzt wird. Ein auf der Grundlage von Bodenwasserstand und
Bodentemperatur in zwei Zentimeter Tiefe individuell an die einzelnen Kleinstandorte
angepaBtes Bodenatmungsmodell konnte mehr als 90 % der Variationen der Bodenatmung
erkliren. Die Unterschiede der Stofffliisse zwischen den unmittelbar benachbarten
Kleinstandorten waren wesentlich groBer als zwischen den unterschiedlichen
Untersuchungsgebieten. Die héchsten Tagesmittel der Bodenatmung von 10,9 g COz*m™2*d"!
wurden an den trockeneren Kleinstandorten der “Tussock-Tundra® (,,Tussock®, ,,Moss-
Hummock*) gemessen. Diese Kleinstandorte wiesen auch die niedrigsten Bodenwassersténde
und die héchsten Bodentemperaturen auf. Die niedrigsten tdglichen Bodenatmungsraten von
2,6g CO*m™*d” wurden an den nassen und kalten Depressionen von ,,Polygon-Tundra* und
,,Tussock-Tundra®, sowie in der ,,Wet-Sedge-Tundra™ gemessen.

Im Gegensatz zu den absoluten Stofffliissen stand das relative Potential der Bodenatmung der
Kleinstandorte. Die nassen, kalten Kleinstandorte zeigten eine wesentlich stérkere relative
Reaktion der Bodenatmung auf Anderungen der Bodenwasserstinde und Bodentemperaturen
als die trockeneren, wirmeren Kleinstandorte. Zwei Faktoren verursachten dieses Muster.
Erstens lag der Q;-Wert, das Mal} fir die relative Temperaturempfindlichkeit, bei den
mittleren Bodentemperaturen der nassen Standorte zwischen 2,2 und 3,0, bei den trockeneren
Standorten hingegen nur zwischen 1,2 und 1,6. Auflerdem war die Zunahme des Q;p mit
fallender Temperatur bei den nassen Standorten wesentlich ausgeprigter als bei den
trockeneren Standorten. Zweitens zeigte die Wasserstandsabhangigkeit der Bodenatmung
einen sehr viel steileren Verlauf bei Wasserstdnden nahe der Geldndeoberflache verglichen
mit Wasserstinden in tieferen Horizonten, vor allem bei den nassen Kleinstandorten. Die
Korrelationsanalyse zeigt, dall beide Faktoren - hoher ;) und steile Reaktion auf
Wasserstandsschwankungen - standortiibergreifend durch die Verfligbarkeit von umsetzbarem
Kohlenstoff erklart werden kénnen.

Die beschriebenen Reaktionsmuster der Bodenatmung bestimmten auch das Verhalten der
drei unterschiedlichen Tundraformen auf die Simulation von Szenarien mit geénderten
Wasserstands- und Temperaturregimen. Berechnet auf der Grundlage der relativen
Flichenanteile der Kleinstandorte waren die grofiten relativen Verdnderungen der
Bodenatmung in der homogen nassen Fldche der ,,Wet-Sedge-Tundra® zu verzeichnen. Bei

allen Szenarien zeigte die ,, Tussock-Tundra‘ jedoch die héchsten absoluten CO»-Verluste.

Die  Moosgesellschaften der untersuchten Kleinstandorte zeigten iiber den
Untersuchungszeitraum hohe Wassergehalte, da sie fihig waren, das Bodenwasser als

Wasserquelle zu nutzen. Aus der Tatsache, daf die Bodenatmung tiber weite Teile des Tages
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die Moosphotosynthese tbertraf, wird auf eine CO,-Anreicherung der unmittelbaren
Umgebung der Moose geschlossen. Die Temperatur der photosynthetisch aktiven Moosteile
war standortabhdngig vom Bedeckungsgrad der GefdBpflanzen und der Position des
Bodenwasserstandes beeinflult. Durch die in dieser Arbeit entwickelte Methode der in sity
Messung des Boden-Moos-Systems waren die natiirlichen ~Rahmenbedingungen
(Wassergehalt, CO,-Absolutkonzentration, Licht- und Temperaturgradienten) iiber den
Versuchszeitraum gewihrleistet. Die Photosynthesekapazitdt der Moosgesellschaften der
trockeneren Kleinstandorte war gréfer als die der nassen Kleinstandorte. Die Moose der
trockeneren Standorte erreichten maximale Bruttophotosyntheseraten von
450 mg CO*m™*h™ bei Sattigungslichtstirken von 450 pmol*m™2*s™. Dagegen zeigten die
Moose der nassen Standorte maximale Raten von 80 mg COz*m'z*h~1 und waren schon bei
100 pmol"‘m'z’*‘s“l lichtgesittigt.

Alle untersuchten Boden-Moos-Systeme zeigten im Tagesgang eine Nettofreisetzung von CO,
an die Atmosphire. Die absoluten Nettoaustriige lagen zwischen 0,07 g CO*m*d™" und
4,65¢g CO*m™*d™!. Die Moosphotosynthese erreichte die hichsten Reduktionen des durch
die Bodenatmung freigesetzten CO, am ,,Low-Apex* Kleinstandort in der ,,Polygon-Tundra®,
Hier wurden im Tagesgang bis zu 99 % des durch die Bodenatmung freigesetzten CO; in der
Moosschicht refixiert. Die niedrigsten Refixierungsraten wurden in der ,,Wet-Sedge-Tundra®
gemessen, aber auch hier betrug die relative Reduktion der CO,-Freisetzung 35 %. Weder die
relative Reduktion der COjp-Freisetzung, noch der absolute Nettoflul des Boden-Moos-
Systems lieflen ein standortiibergreifendes Muster erkennen, sondern waren standortabhéngig

und von der tagesspezifischen Kombination der mikroklimatischen Parameter bestimmit.

Das Gesamtsystem (Boden, Moos, GefdBpflanzen) der Depression der Polygon-Tundra am
Levinson-Lessing See stellte im Versuchszeitraum eine starke Senke fiir atmosphérisches CO,
dar. Kohlenstoff wurde mit Raten von 4,8 und 5,7 g CO; m™=*d™! festgelegt. Der Hauptanteil
des CO,-Gewinns wurde von den Gefaflpflanzen getragen, Moose steuerten 26 und 31 % der
Assimilation bei. Da die Photosynthese der GefdBpflanzen erst bei Lichtstarken tber
700 pmol*m™?*s™! gesittigt war, kénnen die Assimilationsraten durch niedrige Einstrahlung
begrenzt werden. Der Beitrag der iiberirdischen Pflanzenteile zur Gesamtrespiration des
Systems war nur 10 %. Der Bodenwasserstand bestimmte damit durch die Bodenatmung die
Respiration des Gesamtsystems. Uber einen weiten Bereich von Lichtverhiltnissen
kontrolliert somit der Bodenwasserstand die GroBenordnung des Netto-COs-Flusses des

Gesamtsystems.
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Schiuffolgerungen

e Da sich die Unterschiede in der Qualitdt und Quantitdt der CO,-Fliisse in der Tundra auf
dem Malistab der Kleinstandorte erkldren lassen, sind Messungen auf diesem MaBstab
besonders dafiir geeignet, funktionale Zusammenhénge in diesem Okosystem aufzuzeigen.

¢ Die Methode des CO,-Gaswechsels im dynamischen System war besonders dafiir geeignet,
zeitlich und rdumlich hochauflésende Daten zu erfassen. Das war wichtig flir die
Korrelation der CO,-Fliisse mit den Steuerfaktoren und damit fiir die Herausarbeitung von
Prozessunterschieden. Dies gilt insbesondere flir die Erfassung der Moosphotosynthese, da
sich Anderungen der Einstrahlung sehr kurzfristig vollziehen. Der Einsatz der
neukonstruierten Boden-Moos-Kiivette erlaubte erstmals die Beobachtung der CO,-Fliisse
des strukturell intakten Systems.

¢ Die Anwendung eines individuell an den Kleinstandort angepaften Bodenatmungsmodells
erlaubte die Quantifizierung von Prozessparametern und deren Korrelation zu
Charakteristika  der  Kleinstandorte.  Insbesondere  die  Verwendung  eines
Temperaturmodells mit der Mdglichkeit einer iiber den Temperaturbereich wechselnden
Temperaturempfindlichkeit des Prozesses (Lloyd und Taylor 1994) erbrachte eine wichtige
zusitzliche Steuergrofe.

e Der Bodenwasserstand ist der bestimmende Parameter fiir die Kohlenstoffbilanz nasser
Tundraformen. Er kontrolliert einerseits unmittelbar den fiir aerobe Umsatzprozesse zur
Verfligung stehenden Bodenraum und damit das absolute Niveau der Bodenatmung. Zum
anderen wirkt er mittelbar auf den Wassergehalt der den Boden bedeckenden Moosschicht.
Die Moose konnen im nassen Zustand groBe Teile des durch die Bodenatmung
freigesetzten CO; refixieren. Da die Bodenatmung etwa 90 % des CO, Verlustes des
Gesamtsystem einer nassen Tundraform ausmacht, bestimmt der Bodenwasserstand
ebenfalls mittelbar den Netto-CO,-Fluf3 dieses Systems.

o An Standorten mit dauerhaft hohem Bodenwasserstand ist das relative Potential der
Bodenatmung auf eine Verdnderung von Bodenwasserstinden und Bodentemperaturen zu
reagieren wesentlich gréfler als an trockeneren und wérmeren Standorten. Hohe Q9 Werte
bei kalten Temperaturen, eine starke Steigerung der Q;o-Werte mit sinkender Temperatur,
und ein steiler Anstieg der Bodenatmung bei sinkendem Wasserstand sind
Prozesseigenschaften der Bodenatmung der nassen Standorte und kénnen mit der

Verfligbarkeit von umsetzbarem Kohlenstoff erkldrt werden.
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2 Introduction

2.1 CO; Fluxes, What Can They Tell?

Two contrarotating fluxes describe the CO, exchange between ecosystems and the
atmosphere: The assimilation of plants driven by light leads to a flux from the atmosphere into
ecosystems, and a variety of respiratory processes drive the flux in the opposite direction. As
suggested by the relatively stable concentration of CO, in the atmosphere, these fluxes were
tending towards an equilibrium during extended periods of biologically affected times of our
planet. However, when referring to single ecosystems, the equilibrium can be widely shifted:
Whereas an overweight of respiratory losses from the ecosystem to the atmosphere will sooner
or later lead to a destruction of the system itself, an overweight of assimilation results in the
development of carbon stocks. Measuring CO, fluxes of ecosystems or parts of them can thus
lead to insights into the carbon balance of these systems. But extending the insight towards an
understanding and quantification of the carbon balance of a system requires exact knowledge
of all factors controlling all processes that result or may result in carbon fluxes. Moreover, the
mode of operation of these factors has to be appointed to its relevant time scale. In present
times, even with quite well understood and comparably simple systems like e.g. taiga
“attempts to estimate the carbon balance are rudimentary at best” (Oechel and Lawrence
1985). Since it is the character of science that problems of this kind result in motivation rather
than surrender, considerable effort has been undertaken in recent years to clarify the

contributions and control of subsystems to the carbon balance of ecosystems.

An important part of the mentioned respiratory losses of a system takes place in the soil by
means of microbial respiration and root respiration. These processes, whose combination has
been defined as soil respiration, are of particular interest in the scope of control of ecosystem
CO, fluxes, because their response is already determined by the quality and quantity of input
of organic carbon and thus by parameters of the ecosystem itself. Furthermore, in particular
the microbial respiration is often characterized by a considerable time lag to plant assimilation
and thus describes the mobilisation of a carbon stock. Currently, about 80 % of the organic
carbon in the world’s terrestrial ecosystems is estimated to be present in soils (Post ef al.

1985).
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The determination of CO; fluxes, in particular soil respiration is a comparatively old story in
nature sciences. Already Lundegérdh (1921) measured soil respiration in the field, and
moreover, he did so using the “inverted-box-method®, a technique which is, though mostly
modified, still in use in our times. It was his credit to define the term “soil respiration® as the
in situ CO; flux from the soil to the atmosphere which originates from microbial respiration as
well as root respiration. His primary interest in soil respiration, however, was the supply of
plants with CO,, but this way of thinking proofs his ecological understanding of CO; fluxes.
The measurement of soil respiration has gone multiple ways since then. Haber (1958) already
differed between three different lines of investigations: The “physiological line* contributes to
an understanding of the efficiency of microbial populations (and partly also plant roots), and
their reaction on biotic, abiotic and man-made factors (e.g. Domsch 1961, Anderson and
Domsch 1978, Edwards 1989). Most of these studies were performed in the controlled
environment of the laboratory by means of soil samples. The field of the “physical li.ne“ is
aiming on the factors controlling the emission of CO, from the soil into the atmosphere.
While the process was already explained to be of diffusive character by Romell (1922),
meteorological, hydrological and soil physical modifications of pure diffusion processes in
various special cases were elaborated later (e.g. Albertsen 1977). The third line Haber
distinguished is the “ecological line®, meaning the assessment of soil respiration in an
ecosystem context. In particular in the applied agricultural science, this field of research
solved questions of fertilisation and turnover ratios of organic matter. But also the
characteristics of soil respiration of natural systems with respect to different soils and climates
was a field of intensive research (summarized in Singh and Gupta 1977, Raich and
Schlesinger 1992). In the last decades, in particular studies on natural ecosystems have
contributed to an understanding of soil respiration in the context of ecosystem processes and
their control (e.g. Cernusca 1991, Shaver 1996). The identification and mode of operation of
factors controlling soil respiration, and their relevance for the CO, fluxes of the whole
ecosystem was a primary aim of these studies, and thus measurements of CO, fluxes became
the field of physiological ecologists. The extensive efforts to come to an assessment of CO;
fluxes of ecosystems has -besides their contribution to a fundamental understanding of
ecosystem function- of course to be seen in the context of predicting ecosystem processes in

the scope of the anticipated climate change.
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2.2 Tundra Ecosystems: a Critical Field for CO; Flux Investigations

“...and they call the tundra places overgrown with moss.
Lomonosov, “On Wintry Paths “

Tundra is the common term for the landscape which is situated north of the treeiine along the
coast of the Arctic Ocean, and stretches out to the polar desert (Chernov 1985). Tundra covers
about 5.71*10° km? world-wide (Miller et al. 1983). Already the origin of the word tundra,
which is derived from the Sami word “tunturi® (completely treeless height) explains an
essential character of this region, and furthermore reminds that this term is also used to denote
a special type of vegetation. Tundra can be characterized as treeless landscape where
communities of shrubs, dwarf-shrubs, herbaceous perennials, mosses, and lichens dominate
on wet soils with gleyic features (Aleksandrova 1980). The most obvious floristic property of
tundra is the dominance of mosses, representing the “environment-forming building-blocks of
the vegetation™ (Chernov 1985). The moss carpet covering nearly the whole surface of the
tundra serves as an insulator, effectively restricting the warming of the soil below during
summer (Kershaw 1978). It also has a key role in evaporation and thus for the whole energy
budget of tundra (Tenhunen et a/. 1992).

On the side of the abiotic components, the most important characteristic of tundra soils is the
occurrence of permafrost, meaning that parts of the ground are perennially frozen. Summer
season leads to the development of an active layer, the uppermost centimetres to decimetres
which thaw and freeze annually. The phase transition results in phenomena as solifluction and
sorting of soil material, and due to the resulting frost patterns of various kind, a considerable
microrelief is developed in many cases (summarized in Washburn 1979).

Although precipitation is mostly quite limited in tundra regions, evaporation is restricted due
to low temperatures (Barry et al. 1981). Furthermore, the occurrence of permafrost restricts
drainage in tundra soils to lateral movement only, so that 85 to 90 % of tundra soils are very
wet (Rieger 1974). Particularly in levelled areas, the water table is situated directly below the
soil surface throughout the growing season (Kane et al. 1992).

The wet and cold conditions in the soils have led to the above mentioned shift between the
main CO; fluxes of the tundra ecosystem: Because decomposition is widely restricted under
the unfavourable conditions of the soils, assimilation has exceeded respiration approximately
since the last glaciation, thus leading to the development of huge carbon stocks (Gorham

1991). 90 to 98 % of the total carbon of the tundra ecosystem is located in the soils (Miller ef
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al. 1983). These carbon stocks are mostly present as thick organic surface-layers of poorly
decomposed plant material, densely interwoven with the moss carpet (Everett ef al. 1981). Of
the world-wide estimate of organic carbon located in soils, 21 % (Raich and Schlesinger

1992) to 27 % (Post et al. 1982) is believed to be present in soils of tundra and taiga.

Until recently the main motivation for research in physiological ecology in arctic areas has
been to understand how organisms cope with the environment, rather than questioning the role
of the organisms in controlling ecosystem processes (Chapin et al. 1992). But, as indicated by
the majority of current state-of-the-art reports of arctic projects, we often still know least
about those physiological processes, that are most critical in determining controls over
ecosystem function (Billings 1997). The Arctic, however, provides favourable conditions for
an understanding of ecosystem processes with the approaches of physiological ecology, since
the low stature and fine grained spatial heterogeneity of arctic soil-vegetation systems make it
practical to measure both physiological and ecosystem responses on the same scale. The link
between physiological ecology and ecosystem processes was actively developed during the
International Biological Programme (IBP), from 1966 to 1974 (e.g. Rosswall and Heal 1975,
Tieszen 1978a, Bliss et al. 1981), but has been logically picked up by several recent research
projects and scientific pfograms (e.g. Oechel ef al. 1997, Reynolds and Tenhunen 1996).
Thus, physiological ecology has widely contributed to a progressing understanding of
ecosystem processes in the Arctic in the last 20 years. There are, however, considerable gaps
in knowledge: The tundra of the former Soviet Union covers an area of 3.21*10°km?®
(Tikhomirov et al. 1981), which represents about 56 % of the world-wide tundra. Until the
beginning of this decade, only sparse information on CO; fluxes and carbon balance of
Siberian tundra were available for the scientific community. It was due to the process of
political opening of the former Soviet Union that it became possible for scientists to arrange
for research projects in these vast areas.

Another gap in knowledge exists due to the lack of field studies on the intact system in situ,
which are widely hampered due to logistical and technical constraints. Although considerable
effort has been undertaken in recent years in Alaskan tundra (e.g. Poole and Miller 1982,
Peterson et al. 1984, Grulke ez al. 1990, Oberbauer et al. 1996b), there is still a great demand

for research, in particular in the tundra regions of the former Soviet Union.
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In our rapidly changing world, scientists can not deny their responsibility to make statements
on the effect of the anticipated climate change on their field of research (although summary
trials may have led to increased confusion rather than being a valuable contribution). This is
particularly valid in the case of ecosystem research in the Arctic: The increase of the
atmospheric CO, concentration mainly caused by the burning of fossil carbon and massive
deforestation will most presumably warm the globe most strongly around the poles (Solomon
et al. 1985). This will have widespread effects on other components of the arctic climate, such
as evaporation, cloudiness, and precipitation (Maxwell 1992). The climate in turn determines
the thermal and hydrological regimes of soils, and vegetation determines the degree of
coupling between climate and soils. In combination with the large carbon pools present in
arctic soils this is believed to lead to a particularly strong positive feedback of arctic areas to
the increase of atmospheric CO, (Oechel and Billings 1992). Deeper active layers,
thermokarst erosion, and lower water table can lead to better conditions for decomposition,

resulting in a pronounced efflux of CO; from arctic soils (Billings e a/. 1982, 1983, 1984).

2.3 Objective of the Study

The overall objective of this study was to clarify the role of soil respiration and moss
photosynthesis in wet tundra types of Taimyr Peninsula in the context of site characteristics.
Special emphasis was given to factors controlling both processes, and to differences in the
mode of operation of these factors with reference to the spatial heterogeneity. The following

questions drove the study:

e Which differences exist between microsites and tundra types with respect to soil
respiration?

e What are the factors controlling soil respiration in these tundra types, and are there
differences in the mode of operation of the controlling factors between microsites?

e To which extent can moss photosynthesis buffer the CO, efflux originating from soil
respiration to the atmosphere?

o What is the contribution of both processes regarding the CO-, flux of the whole system?

Additionally, a technical aim was the refinement of a measuring technique which allows the
most precise correlation of CO, effluxes from soil with the controlling factors, and the

development of a mode of measurement for the CO, fluxes of the soil-moss system in situ.
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The study was part of the multidisciplinary project “Environmental Development of Central
Siberia during Late Quaternary* (German Ministry of Science and Technology (BmBF) grant
03PLO14B), involving the Alfred Wegener Institute of Polar and Marine Research, Potsdam,
the Institute of Soil Science, University of Hamburg, the Institute for Polar Ecology,
University of Kiel, as well as the Institute for Arctic and Antarctic Research, St. Petersburg.
This investigation was embedded in the research fields investigating recent processes in soils
and soil microbial communities. In order to cover the great variety of climatic regions
apparent on Taimyr Peninsula, research in the scope of the project was carried out along an
approximately 1400 km long north to south transect extending from the high arctic desert of
Severnaya Semlya to the taiga zone near Norilsk. Three expeditions to Taimyr Peninsula were
performed in the years 1994-1996, two field-seasons (July-August 1995, July-August 1996)
could be used as experimental campaigns within the scope of this thesis.’ Investigations were
carried out at two localities, Lake Labaz, situated within the southern tundra zone, and Lake

Levinson-Lessing, situated within the typical tundra zone.

2.4 Approach

This study aimed at explaining differences of magnitude and potential of CO, efflux at
various microsites on the basis of their individual process performance as determined by site
characteristics. In order to examine the system in the most authentic way possible, the study
was performed as a field study.

There are several possibilities to assess process performance and controls of intact systems.
Although trends in arctic research during recent years were leading towards manipulation
studies (e.g. Oechel er al. 1992), which contributed to an increasing knowledge of ecosystem
controls and reactions, this kind of studies bear some intrinsic constraints: By applying an
altered parameter to a site which represents an integral of other than the changed conditions,
these kind of studies tend to describe the short-term influence of a disruptive factor on a
steady state system. This approach allows the triggering of system reactions and provokes the
revelation of internal controls. However, manipulation studies does not describe steady states,
but pathways between them. Moreover, the full effect of the disruptive factor on all levels of
the manipulated system is hardly seen, because of time lags of reactions between levels (in
particular within the “normal* three years project period). In contrast, gradient or microsite
studies describe processes on the basis of the whole sum of parameters which represent the

investigated site in a more consistent way. The danger with this kind of approach is that the
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study can develop to a “just-so story* (biological processes run the way they do because the
organisms are adapted to do so), so results may lack new knowledge and insight (Gould and
Lewantin 1979). On the other hand, it seems most reasonable that the shift of ecosystem
structure and function in response to climate change will occur on axes that are predictable
from existing patterns and gradients (Tenhunen ef af. 1992).

In this study the microsite approach was chosen to reveal differences of process properties
determining the CO, fluxes as well as differences of factors controlling theée processes. The
disadvantages described above were avoided by the use of several methods which were not
applied before in tundra ecosystem research and which are thus capable to offer new insights

in the mode of operation of factors controlling CO; fluxes:

e The use of open system gas exchange instrumentation offered the chance to continuously
capture CO; fluxes with high resolution in time. This allowed the most precise correlation
of the observed response with controlling parameters and thus the revelation of process
properties.

e The development of a method capable to measure the CO; fluxes of the soil-moss system
in situ facilitated the observation of an intact system, which had to be separated for analysis

in previous field-studies.

In order to keep the advantages of the high resolution of the captured data and in particular to
allow the assessment of differences of process properties, the use of individually fitted models
describing CO; fluxes was another important point of this study. This way of data evaluation
helps to refine the results of experiments by filtering the mode of operation of single factors
out of a whole set of factors affecting a process. Doing so can provide an understanding of the

process itself (Jarvis 1993).
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3 Taimyr Peninsula and the Study Areas

3.1 Taimyr Peninsula, an Overview

Geography

By stretching out from Middle-Siberia into the Arctic Ocean to nearly 78°N, the Taimyr
Peninsula forms the northernmost outpost of the Eurasian continent (Fig. 2.1). From the river
Jenessej (86°E) in the West to the river Khatanga (115°E) in the East, from the Plateau of
Putorana (70°N) in the South to Cape Tscheljuskin in the North it covers an area of about
400 000 km? and thus equals Sweden in size (Matveyeva 1994). Franz (1973) even defines the
river Olenjok (125°E) as the eastern border.

From South to North, the 1750 km of Taimyr Peninsulas’ length can be divided into three
main geographical units (Fig. 2.1): The North Siberian Lowland is a gently rolling plain,
representing 50 % of the surface area of the peninsula. Its homogenous character is
characterized by heights rarely exceeding 150 m as.l. and a dense hydrological network
including smaller lakes of glacial origin as well as thermokarst-lakes. Bordering the North
Siberian Lowland in the north the Byrranga Mountains stretch more or less east-west over
nearly 1000 km with a width of about 50 to 180 km. They reach heights of 300 to 400 m a.s.1.
in the western, and up to 1100 m in the eastern parts of the range. Partly within the Byrranga
Mountains, partly adjacent to their southern flanks the Lake Taimyr covers an area of about
6000 km?, thus representing the largest arctic freshwater lake. North of the mountain range a
coastal plain stretches out to the Kara Sea on the western side and the Laptev Sea on the

eastern side of Taimyr Peninsula (Franz 1973).

Man and Taimyr Peninsula

The first news the western world received about Taimyr Peninsula was published in the book
“Reise in den duflersten Norden und Osten Sibiriens* by the Baltic natural scientist Alexander
Middendorf (1867, ¢.f. Brunckhorst 1994). He travelled all Taimyr Peninsula on dog-sledge
and small boats. The next contact with the inner parts of Taimyr Peninsula was established
1931 by the Arctic journey of the airship “Graf Zeppelin“ (described in Eckener and
Italiaander, 1979), which delivered first aerial photographs of low-centre polygons.
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Fig. 2.1. Map of Taimyr Peninsula showing geographical and geobotanical units. The study areas Lake Labaz
and Lake Levinson-Lessing are encircled. Borders of geobotanical units refer to Aleksandrova (1980), see
paragraph “Vegetation* for details.
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Although Taimyr Peninsula still belongs to the least settled and infrastructurally least
developed areas of Siberia, lots of intensive research has been carried through in the second
part of our century, in particular by Russian scientists. Since the beginning of the sixties a
research station at the shores of Lake Taimyr (“Taimyr Lake Station) has been especially
used for floristical and zoological research (e.g. Ignatenko 1971, Matveyeva 1971, Parinkina
and Dokichayev 1979, Bab’yeva and Chernov 1983, Safronova and Sokolova 1989). During
the IBP-project at the beginning of the seventies a total of four field sites on‘Taimyr Peninsula
were under elaboration (Rosswall and Heal 1975). Besides these biologically-focused
programmes, geological research and prospecting represents a major field (e.g. Samoilov
1995, Vernikosky 1996, Romanenko 1996).

Since the beginning of the nineties the Russian policy resulted in an opening of Siberian
tundra-regions for scientists from western countries. Some initial expeditions by members of
the WWF focused mainly on bird-protection and the declaration of protected areas (see
below). Since then, several expeditions in particular by German and Scandinavian researchers
have been carried through, mainly organized as cooperation between Russian and foreign
scientists (e.g. Melles et al. 1994, Gronlund and Melander 1995, Siegert and Bolshiyanov
1995, Bolshiyanov and Hubberten 1996, Melles et al. 1997).

Ethnologists believe that man colonised the tundra landscape of Taimyr Peninsula during the
early Palaeolithic period about 7-8000 years before present (Chernov 1985). Hunting reindeer
was their main food source, although hunting birds and catching fish was also practised. It is
more or less still these foodsources the indigenous people of the roughly 3000 “Dolgans®,
1000 “Ngasans and some few descendants of the “Nentsens” and “Evenkens® use in our
times. Organized in Sowchos during the period of the USSR, these people were providing
foodsupply for the regional mining-settlements, particularly Norilsk. In this way, they were
able to continue parts of their traditional life and keep their identity, in particular during
winter hunting trips for arctic fox and during summer-life in family-groups out in the tundra.
With helicopter transportation of their harvest from their remote villages to the mining-
settlements getting unaffordable during present times the fate of Taimyr Peninsula’s
indigenous people as tundra-people is increasingly uncertain.

Man’s pressure on Taimyr Peninsulas tundra areas is immense in our times. The mining
settlement of Norilsk with its smelters and 300000 inhabitants (Taimyr Peninsula as a whole:

350000) represents a major source of pollutants. Prospecting, exploration and exploitation in



20 Study Areas

the Russian Arctic is not at all a story of sustainability. Moreover, garbage treatment, hunting
tourism and increasing scientific activities all add their share of pressures (Prokosch and
Hoétger 1995). An outline of threats for and recovery chances of arctic terrestrial ecosystems is
given in Crawford (1997).

There is, hcwever, also positive news. With parts of it already protected in 1979 and 1986, the
“Great Arctic Reserve® on Taimyr Peninsula was inaugurated in 1993 covering an area
roughly the size of Switzerland. It has the status of a “Sapovetnik®, the most strictly protected
area known in Russia. The main supporters for this reserve were the WWF and the Russian
local authorities, the main goal is the protection of those areas on Taimyr Peninsula which are
acting as a cradle for the majority of waders, ducks and geese using the “East Atlantic
Flyway* and wintering in the Dutch-German-Danish Wadden Sea (Miiller et a/. 1993, Nowak
1995, Prokosch 1995).

Geology

From the geological point of view the North Siberian Lowland is part of the Jenessej-
Chatanga-Trough. The Byrranga Mountains and the northern plain on the other side belongs
to the Taimyr-Severnaja-Zemlja-Folded-Zone.

The North Siberian Lowlénd was lowered during the Jura, Palacocene and Neocene and filled
up to a thickness of 9000 m by sediments of shallow water- and continental origin consisting
of sand and clay. During the Pleistocene transgressions, brackish and limnic sediments were
added, the cold periods resulted in regressions and glaciation. Some authors (e.g. Isayeva
1984) state, that during the Sartan (= late Weichsel (Europe) or late Wisconsin (North
America)) the North Siberian Lowland was an icefree periglacial area. Within the geological
part of this project some more evidence was found that also the lowland was covered by
glaciers during that period (C. Siegert, personal communication), which has been stated before
(e.g. Grosswald 1989). Quaternary deposits reach thicknesses of up to 150 m.

The area of the present Byrranga Mountains formed a trough during the Carboniferous to
Trias which functioned as a shallow water sedimentation area. Material mainly consists of
clay, but also calcareous and coal deposits can be found. The thickness of these sedimentation
layers reach up to 8000 m. The Byrranga Mountains as such were lifted up during the
Pliocene, and nowadays their morphological character appears mainly shaped by the last

glaciation periods as well as by present erosion caused by frost and solifluction. Marine
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terraces found as high as 270 m a.s.l. strongly support the theory that the area is still lifted
upwards (Khain 1985).
The maximum extent of permafrost can be found in the Byrranga Mountains and the adjacent

lowland areas with depths reaching up to 800 m (Williams and Smith 1989).

Climate

The North of Middle-Siberia is generally characterized by a cold-dry-continental climate. The
mean annual temperature is about -13°C. Heading northwards on Taimyr Peninsula, mainly
the average summer temperatures vary according to latitude: Whereas the mean value for July
is 12°C in the western parts of the North Siberian Lowland, it is only 4°C near Cape
Tschelyuskin. Thus, the number of days above 0°C differs by around 20 days per year across
Taimyr Peninsula, with 40-50 days in the South and 20-30days in the North. Winter
temperatures are more homogenous showing a mean value for January of around -31 to -34°C
both in the North and the South (Matveyeva 1994).

Precipitation also varies from South to North: While the annual amount adds to 350 mm in the
North Siberian Lowland, it only reaches values of 200 mm at the north coast (Matveyeva et al.
1975, Vasilyevskaja ef al. 1975).

Additional to the South-North gradients, pronounced West-East gradients both in temperature
and precipitation are observed across the Taimyr Peninsula. This reflects the fact that the
western parts are still under the influence of relatively warm and moist atlantic low-pressure-
systems, while the eastern parts are already governed by central-asiatic high-pressure-systems
(Franz 1973). This explains the mean annual temperature of Dudinka (West-Taimyr) and
Olenek (East-Taimyr) to be -10 and -15°C, respectively, though situated more or less on the
same latitude. The same gradient is evident for annual precipitation, with values decreasing
from 350 mm in the Southwest to 250 mm in the Southeast of Taimyr Peninsula (Norin and
Ignatenko, 1975).

40 to 50 % of the precipitation falls during the short summer season, often as spray. Due to the
limited winter precipitation, snow cover only accumulates to 40-60 cm as an average, with
local gale-force winds (Burane) creating either considerable snowfree ground or massive
packed snowdrifts.

The climate of Taimyr Peninsula is as well determined by the general principles of the Polar
climate: First, the radiation climate is characterized by the pronounced difference between

summer and winter. Second, evaporation is restricted because of low temperatures, resulting
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in wet ground and -due to restricted drainage because of the underlying permafrost- massive
flooding-events, in particular during snow-melt. An explanation of general principles of

tundra climates can be found in Barry ef al. (1981).

Vegetation

The most important fact characterising Taimyr Peninsula in terms of vegetation is the
development of an undisturbed climatological determined sequence of vegetation units from
the taiga to the polar desert (Aleksandrova 1980, Walter and Breckle 1986, Matveyeva 1994).
Taimyr Peninsula is the only place on earth where this sequence can be observed over such an
extent. Even throughout the Byrranga Mountains the zonal vegetation is continuous
throughout the valley system (Walter and Breckle 1986). When the definitions of vegetation-

units and of their limits are compared, it becomes obvious that classifying systems are not

uniform (Table 2.1).

Table 2.1. Selected vegetation-classification systems of the northern polar landscape north of the tree-line.

SOUTH NORTH
Aleksandrova Subarctic Tundra Arctic Tundra Polar Desert
(1980) Southern-,
Southern-, Middle-, Northern- Southern-, Northern- Northern-
(hyparctic shrubs characteristic (creeping (arctic dwarf-shrubs (roots do not
Betula spp.); dominate (Salix spp), no  form an inter-
southern limit: treeline) shrub thickets, roots still ~ connected
form an inter-connected network;
network; southern limit:
southern limit: 6°C July- 2°C July-
isotherm) isotherm)
Walter and Southern Arctic Typical Arctic Tundra Northern Arctic Arctic Desert
Breckle Tundra Tundra
(1986) (hyparctic shrubs (arctic and arctic-alpine  (patchy plant cover of (single plants;
dominate, bushes up  species dominate over mostly arctic and southern limit:
to 1 m height occur;  the hyparctic ones, still  arctic-alpine species; 2°C July-
southern limit: 100 % coverage southern limit: 4-5°C isotherm)
treeline) southern limit: 10-11°C July-isotherm)
July-isotherm)
Yurtsev Hyparctic Tundra Arctic Tundra High Arctic
(1994) Tundra
(northern taiga and southern tundra; (arctic and arctic- (lichens
hyparctic shrubs dominate) alpine shrubs dominate;
dominate) southern limit:
2°C July-
isotherm)
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Depending on the researcher’s viewpoint the Russian authors (Aleksandrova 1980, Yurtsev
1994) generally refer to vegetation-history and -composition whereas the western authors
mostly tend to use a combination of climatological and vegetational criteria to differentiate
between subsystems (Walter and Breckle 1986). Although the numerous subdivisions suggest
that the most complex system is the one of Aleksandrova (1980), in this study the terminology
of Walter and Breckle (1986) will be adopted. The latter system ranks the present ecological
conditions highest and therefore is the most simple in defining limits and terms. Both systems
are actually quite similar, and the main difference is expressed by the fact that Aleksandrova
uses the term “subarctic* for all vegetation zones influenced by boreal species, whereas
Walter and Breckle restrict this term to wooded territory north of the taiga zone, the forest
tundra. They therefore characterize all the landscapes north of the treeline as “arctic”. Both

systems allow a circumpolar comparison between study sites.

On Taimyr Peninsula the Southern Tundra is represented by a narrow belt of 100-150 km
width. Prostrate and krummholz growth forms of Larix sibirica can be found extrazonal on
well drained river terraces. The zonal vegetation under the mesic conditions of the watersheds
consists of bush thickets of Alnus fruticosa and Salix lanata reaching heights of 1 m and
0.5 m, respectively. Mostly, a hummocky ground pattern is developed covered by dense stands
of Betula nmana. Other subarctic dwarf-shrubs (Vaccinium spp., Ledum decumbens,
Empetrum nigrum, Arctostaphylos alpinus) characterize the lower layer together with a dense
cover of mosses. On wet places a Carex spp. and Eriophorum spp. dominated tundra is
developed, often with a tussocky character. Boreal species account for as much as 20 % of the

total species number.

The belt of the Typical Tundra stretches out over the widest distance of Taimyr Peninsulas
tundra range. Its 300-350 km latitudinal range covers huge parts of the North Siberian
Lowland as well as the shores of Lake Taimyr and the valleys of the Byrranga Mountains. The
zonal vegetation still appears closed, but the high bushes of the Southern Tundra are missing.
Instead, the zonal vegetation on mesic sites is formed by a moss-tundra with Carex spp.
(particular C. bigelowii) and arctic- as well as arctic-alpine dwarf-shrubs (Salix reptans, Dryas
punctata, Cassiope tetragona). On wet sites the Carex ssp. are accompanied by Dupontia

fisheri and Arctophila fulva a well as Eriophorum scheuchzeri, at places blown snowfree
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during winter polygonal ground has developed, mainly occupied by Dryas punctata and

Cassiope tetragona.

The main difference between Typical- and Northern Tundra is that in the latter the zonal
vegetation in mesic habitats is not closed anymore but shows patchy coverage. Solifluction
and ground heaving processes constrain the total cover of the surface by vegetation. The only
dwarf-shrubs still frequent are the arctic and arctic-alpine species Salix arctica, S. polaris and
Dryas punctata. On the plains, plants are restricted to topographically favourable microsites to
establish and grow. In wet areas extensive moss-carpets can be found, often lacking additional

vascular plant cover.

In the Arctic Desert bare ground covers much more area than does vegetation, which
represents only 5-25 %. Strong solifluction processes limit plant establishment and growth.
Only arctic and arctic-alpine species can be found here, mainly revealing cushion growth
form. They consist of single plants or small groups using cracks and depressions to shelter
against wind and snowdrift. Lichens are the dominating life form. On the Taimyr Peninsula

itself the belt of the Arctic Desert is restricted to the vicinity of Cape Tscheljuskin,

It is noteworthy that the climatic West-East-gradient over Taimyr Peninsula is reflected also
by the species composition of the vegetation. From the Southwest a floristical wedge of what
Aleksandrova (1980) named the “Yamal-Gydan-West Taimyr subprovince of the subarctic
tundras® (which still belongs to the “East European-West Siberian province of the subarctic
tundras®) stretches out towards Lake Taimyr. The south-eastern parts of the Taimyr Peninsula,
on the other hand, belong to the “Khatanga-Olenek subprovince of the subarctic tundras®,
already a part of the “East Siberian province of the subarctic tundras®. The floristic history of
the provinces is different from each other resulting in different species of the same genera
replaced by each other (e.g. Betula nana <-> Betula exilis, Diapensia lapponica <->
Diapensia obovata) as well as species missing in the adjacent province (e.g. Trollius

europaeus).
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3.1.1 The Area of Lake Labaz

Lake Labaz is situated in the North Siberian Lowland and inside the belt of the Southern
Tundra at 47.5m a.s.l. (Fig. 2.1). It has a diameter of about 30 km and is quite shallow with
depths of less than 5Sm at most locations. The intensive study site “Lake Labaz* was
established at the northern shore of the lake at 72°23°N and 99°43’E. It is situated in a rolling
plain with maximum elevations of 115 m (Fig. 2.2). Numerous thermokarst lakes and creeks
as well as wet depressions characterize the area. A watershed between two main river systems
-both tributaries of Khatanga River- exists in close distance to a cliff at the northern shore of
Lake Labaz, which reaches heights up to 30 m above the lake surface. Due to the extremely
low relief-energy of the surrouniiing landscape these two rivers reach Khatanga River

approximately 350 km from each other.

The Prae-Labaz lake was formed as a melt-water lake during the last glacial maximum
(Isayeva 1984). The northern shore is dominated by marine terraces dating from the Kazantsev
period (125-75*10° years b.p., Fisher et al.1990). Single peat lenses with thicknesses of up to
2m can be dated to the Karginsk period (50-25%10° years b.p., C. Siegert, personal

communication).

More than 90 % of the investigated area is covered with clayey to loamy parent material. The
predominant gley soils are characterized by high water content, low thaw depth (i.e. <60 c¢m),
a pergelic temperature regime and free reduced iron (Pfeiffer and Hartmann 1995, Pfeiffer et
al. 1996). An obvious gradient in vegetation-soil-complexes from wet to dry is best correlated
with the position in meso-relief and thus drainage conditions (Fig. 2.2). Restricted to some
hilltops and lobes, drier soils derived from more coarse-grained material can be found. Only in
these well-drained soils active layer depths of more than 1 m do occur. The vegetation at these
sites is comparably sparse. Chionophobous (e.g. Cetraria nivalis) or ruderal species (e.g.
Carex rupestris) dominate. Mesic sites in areas with some inclination are dominated by
nonsorted patterned ground, like earth-hummocks up to 2m in diameter. Position in
microrelief appears to be the outstanding factor for plant and soil development here. The
hummock surface itself shows a high frequency of lichens, the slopes are dominated by dwarf-
shrubs, and the depressions over the ice-wedges are mainly occupied by mosses. On the

extensive more levelled and therefore wet habitats which are representative for most of the
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study area a tussock tundra has developed, dominated by Eriophorum vaginatum, subarctic
dwarf-shrubs as well as mosses. At the totally levelled areas of silted-up lakes and
interconnecting watertracks, a wet sedge tundra can be found. Sometimes large low centred
ice wedge polygons with diameters of up to 15 m have developed. While the vegetation in the
watertracks and depression of the polygons is characterized by cotton grass, sedges and
mosses, on the apices of the polygons dwarf-shrubs and mosses (sometimes Sphagnum spp.)
can be found. In the two latter tundra types that thick organic layers (up to 30 cm) dominate

the character of the soils, whose mineral parts are of pronounced gleyic character.

Lake Labaz

47.5ma.s.l
dry, chionophobous ruderal aggregation
[ — 1 T I } mesic spotty tundra
0 1 2 km humid tussock tundra

wet sedge tundra

ice wedge polygon systems

species rich south slope aggregation
riverside meadow

solifluktion zones

L] ke
silted up lake

Fig. 2.2. Map of the intensive study area “Lake Labaz*, showing the main vegetation units. “Site 3* depicts the
position of the experimental site in the tussock tundra, “Site 4 the position of the experimental site in the wet
sedge tundra.
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There is no station or village at or near Lake Labaz, so in order to present longer-term climate
data, those of Khatanga, approximately 100 km due East of the study area, are used
(Table2.2). Data show a yearly temperature amplitude on a monthly basis of 46.5°C, with
monthly maxima of 13.1°C and minima of -33.8°C, occurring in July and January,
respectively (Norin and Ignatenko 1975). A frostfree period of 35-45 days can be observed in
July and August. Precipitation during that period adds to about 76 mm, representing 31 % of

the total yearly amount.

Table 2.2. 25 year average values of monthly temperature and precipitation from the station Khatanga (modified
from Norin and Ignatenko 1975).

J F M A M J J A4 N 0 N D Year

temp.°C) | -33.8 -32.6 -275 -184 -77 -54 131 8.9 1.6 -122 -26.1 -29.2 -13.2
prec.{mm) 9.9 94 100 99 132 303 405 353 271 221 179 173 243

It should be noted that because of the climatological West-East gradient (see above),
Khatanga generally receives less precipitation and shows lower temperatures on an annual
basis as compared to Lake Labaz. On the other hand Khatanga is situated at Khatanga River
still inside the tree limit, so that a slightly warmer climate than at Lake Labaz can be expected.
Due to the dominance of Cetraria cucullata over Cladonia species in mesic habitats around
the Lake Labaz study site there is evidence that the area is part of the “Khatanga-Olenek

subprovince of the Subarctic Tundras* (Aleksandrova 1980).

3.1.2 The Area of Lake Levinson-Lessing

Lake Levinson-Lessing is situated in the western part of the Byrranga Mountains inside the
belt of the Typical Tundra at 40 m a.s.l. (Fig. 2.1). It is a long narrow lake (15 km*2 km) and
reaches depths up to 108 m (Bolshiyanov and Anisimov 1995). Lake Levinson-Lessings
drainage basin stretches North and West into the Byrranga Mountains, its outflow is the river
“Protochny*, which connects it to Lake Taimyr in the Southwest. The intensive study site
“Lake Levinson-Lessing* is situated at 74°32°N, 98°36’E at the lakes northern shore, close to
the inflow of the main tributary “Krasnaya®. The area can be characterized as a low mountain

region with elevations of up to 560 m.
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The area has developed from Permian terrigenic rocks with intrusions of dolerites
(Bolshiyanov and Anisimov 1995). An ancient deep valley was overformed by various
marine- and denudation terraces indicating repeated transgressions. In recent times, the area
appears mainly shaped by erosion processes. Deep V-shaped valleys in the surroundings

indicate that the responsible erosional factor is water rather than ice.

Vegetation as well as soil characteristics of the area show pronounced differences between
sites in mesorelief (Fig. 2.3). In the valley, soils showed a pergelic temperature regime, an
aquic soil moisture regime, and a histic epipedon (Pfeiffer et al. 1996, Gundelwein et al.
1997). Their substrate derived from loamy to sandy sediments of fluvial origin. Organic layers
of weakly decomposed organic material reached thicknesses of up to 10 cm. Maximum active
layer depths did not exceed 30-45 cm. Thermokarst frequently occurs, either as shallow lakes
or at the riversides. The dominant vegetation in mesic habitats of the valleys is such of the
Typical Tundra of Taimyr Peninsula: Dwarf-shrubs like Salix reptans, Dryas punctata, and
Cassiope tetragona are associated with Carex ssp and cover a dense moss carpet dominated
by Tomentypnum nitens. Bush thickets are missing. At the more wet sites of the extensive
levelled areas polygonal structures, mainly low-centre-polygons have developed. The diameter
of the polygons ranges from 6 to 12 m and the apices with underlying ice wedges are 10 to
60 cm high. Whereas their apices with the underlying icewedges show a vegetation
composition similar to the mesic sites, their wet depressions lack dwarf-shrubs and are
dominated by Carex stans and Dupontia fisheri.

In contrast to the valley, the soils of the slopes are characterized by both a considerably better
drainage as well as strong impact of solifluction. Thus, the horizontal profile differentiation
often exceeds the vertical one. The active layer can reach thicknesses of up to 80 cm. Soils are
built of skeletal material and are weakly developed. As a result of the strong movement due to
solifluction and cryoturbation processes, organic layers are restricted to steps, stripes and
lobes, and bare ground is widespread. Due to the same constraints, plant coverage rarely
exceeds 60 % of the slope area, and is, in most localities, restricted to the surface of the
organic layers. The main contributor to the vegetation of the slopes is a community formed by
Dryas punctata, Carex arctosibirica, Novosiversia glacialis and mosses.

The elevated plains of the higher valleys are formed of fellfields with undeveloped soils and
plant coverage not exceeding 10 % of the surface. Single cushion plants as well as moss
carpets lacking vascular plant cover are the only representatives of vegetation here. Sorted and
unsorted frost patterns characterize the surface. Active layer depths of up to 60 cm can be

found.



Study Areas 29

{/

i

i)

N74°32,14¢ \ s 2
E 98°35,52° b ///‘ '
Lake. Levinson 7 7 7 %E ;

S,

Pergeic Gryaquept, Histic Pergefic Cryaquept (23%) Carbonatic Pergefic Cryorthent (17,4%) Pergata Cryoborol (0,5%)
FAO: Crylc Histosal, Histic Glaysol [ﬂ FAO: Laptosol FAC: Mofic Gelic Cambisol

Pergefic Cryaquept (6,5%) Lithie Cryorthent (0,0%)
FAO: Thixotropic Cryosol FAQ: Gelic Regosol

] Typic Cryaquent (2,7%) Z] Water
", FAO: Histic crylc Glaysol

Pergeiic Ruptic-Histic Cryaguept (8,3%)
FAO: Thixotropic Cryosol

m T o G %)

Pergekc Cryumbrept (1,2%)
Yy Gellc Cambisol ¢ {): quota of the mapped area (21,6Km")

Fig. 2.3. Map of the intensive study area “Lake Levinson-Lessing “, showing the main soil types and their
distribution. The area with soils characterized as “Pergelic Cryaquept and Histic Pergelic Cryaquept“comprises
high or low centre polygonal tundra. “exp. sites” depicts the experimental site in the low centre polygonal tundra
(from Gundelwein ez al. 1997).
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Similar to the situation at Lake Labaz, no permanent station or settlement is situated nearby
Lake Levinson-Lessing. Therefore, long-term climatological data had to be taken from Taimyr
Lake Station, about 70 km to the East (Table 2.3). Data reveal a temperature amplitude of the
monthly average of 39.5°C, which is 7.4°C less than at Khatanga. Monthly minima, occurring
in January and February, show values of about -33°C, which is comparable to the
corresponding values at Khatanga. A monthly maximum of only 6.6°C at Lake Taimyr
(Khatanga 13.1°C), occurring in July, is thus responsible for the attenuated yearly amplitude at
the northern station. The considerably lower summer temperatures at Lake Taimyr Station
result in a frostfree period of only 35 days, which is about 10 days shorter than at the more
southerly station. Precipitation during July and August amounts to 73 mm, representing for

26 % of the total yearly amount.

Table 2.3. 30 vear (1962-1992) average values of monthly temperature and precipitation from Taimyr Lake
Station (Dickson Regional Administration 1993).

J F M A M J J A S 9] N D Year

Temp.(°C) | -32.9 -32.9 -29.6 -209 -10.2 -0.5 6.6 6.1 -05 -12.6 -248 -289 -15.0
Prec.(mm) | 164 160 189 207 13.8 23.1 350 381 305 278 198 21.1 281

It has to be considered that Lake Taimyr Station is situated in a hilly lake-shore area outside
the Byrranga Mountains, so in the narrow valley of Lake Levinson-Lessing inside the
Byrranga mountains in particular summer-temperatures can be expected to be somewhat lower

and the frost-free period shorter than at the long-term monitoring site.
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4 Methods

4.1 CO, Exchange

4.1.1 Instrumentation Design

As manifold as the applications and questions behind the different aspects of soil respiration

(see chapter 1) are the techniques for measuring these fluxes. A review of methods for the

determination of soil respiration in the field is given in de Jong er al. (1979) and Wotzel

(1993). Basically one has to distinguish two possibilities to determine the CO,-flux from the

soil:

e The determination of soil respiration from CO,-profiles in the soil and the atmosphere near
to the soil surface (e.g. Woodwell and Dykeman 1966, de Jong and Schappert 1972).

e The ,inverted-box method* (Lundegird 1921), in which a chamber open towards the
ground is set on the soil surface in such way that it is sealed to the surrounding atmosphere.
CO, emerging from the soil is accumulated in the chamber and the COj-efflux can be
calculated as the increase of the CO,-concentration per time unit in various ways. A “static
accumulation method®, where the level of CO, inside the chamber increases for the period
of the measurement (e.g. Koepf 1951, Frercks 1954, Parkinson 1981) can generally be
distinguished from a “dynamic differential method*, where a permanent gas stream passes
the chamber and is compared with an identical gas stream unaffected by a sample (e.g.
Witkamp and Frank 1969, Edwards and Sollins 1973). While in the case of the static
accumulation method the measuring periods have to be short to avoid artefacts, in the case

of the dynamic differential method the mode of measurement can be continuous.

The dynamic differential measuring mode of the inverted-box method, however, bears some
difficulties due to the open construction of the chambers (,,open-system-CO;-exchange” is a
synonym for the dynamic differential method). Pressure changes caused by wind can
significantly alter the CO,-diffusion into the chamber. Several studies dealt with chamber
designs in order to solve the problem (W&tzel 1993, Kutsch 1994, Fang and Moncrieff 1996).
This thesis presents a solution suitable for wet and humid environments (see chapter 3.1.2.1).

In order to check for quality of measurements, Wétzel (1993) tested a dynamic differential
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CO, exchange device in combination with a chamber construction similar to the one used in

this study to clarify the following points:

¢ Can a change in CO,-concentration inside the chamber be detected to the full extent and
with an acceptable time-lag at the analyser?

e s the air inside the chamber well mixed by the gas flow through it, or is there a need for
additional stirring by a fan?

e Does the increased CO;-concentration inside the chamber alter the diffusion rate of CO,
from the soil?

e How do pressure changes inside the chamber disturb the CO,-diffusion and thus the CO,-

signal?

Wotzel (1993) showed that any given pulse of CO; could be recognised to the full extent and
with an acceptable time-lag of seconds to a few minutes at the analyser (depending on volume
of the tubing and the flow-rate). Additional stirring of the air inside the chambers was not
necessary to provide homogeneity. The changes in diffusion rates due to the increased CO,-
concentration inside the chamber were negligible. Pressure changes of only a few pbar, in
fact, had an extremely high effect on the measured CO,-signal. It can thus be suggested that
under the condition that pfessure artefacts are excluded, the dynamic differential measuring
mode in combination with the inverted-box method is the best possible way of performing in
situ CO,-flux studies. The chamber system of this study shows a design avoiding pressure
irregularities inside the chamber (see below).

One innovative characteristic of this study was the simultaneous measurement of soil
respiration and moss photosynthesis in one chamber. Since changes in photosynthetic rates are
subject to much faster changes than changes in soil respiration, the instrumentation had to be
designed to keep track of rapid changes in the CO;-concentration of the measured gas. This
was taken into account for the design of the gas-streams as well as for the design of analyser
and data storage. This kind of measurement could only be realized with the dynamic
differential measuring technique.

From the above mentioned facts and the scope of this study it was clear that the
instrumentation should be designed as an inverted-box method, operating in dynamic
differential mode. At the beginning of this project, no CO;-exchange device was available in
the working-group, so that opportunities for several different kinds of applications should be

included in the design. Furthermore, also within the scope of this work a whole range of
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different measuring techniques were planned to be carried out. The device was thus designed

to meet the following requirements:

operation based on automatic programming and automatic data storage

continuous, high resolution measurements of time series to made it possible to correlate the
observed CO,-fluxes with the controlling variables

sufficient number of replicates to capture the small scale heterogeneity of the processes
potential selection between suction- and pressure- mode of chamber operation

potential selection between dynamic differential- and static accumulation mode of
operation

suitability for use under field conditions

The CO,-exchange device was designed by the author, on the basis of experiences outlined in

Wotzel (1993) and Kutsch (1994), and constructed by Walz (Germany). In order to obtain a

construction suitable for such a broad range of applications and also to permit transportability,

a modular design was chosen. The instrument consisted of the following units (see also

Fig. 3.1):

The analyser unit with the CO,-analyser (Binos, Rosemount, Germany), consisting of an
absolute CO,-channel (0-2500 ppm) and a differential CO,-channel (-50 to +50 ppm). This
unit also included the control components of the magnetic valves as well as the
“measuring-gas cooler” for the removal of water vapour from the measured gases.

The pump unit, consisting of 7 pumps for chamber-channels and 1 pump for the reference-
channel. The unit included needle valves and flow-meters for each channel, which allowed
regulation and monitoring of the gas flow. The magnetic valves which control the channel
from which the actual measuring gas originates were situated in this unit as well.

The temperature control unit, which contained a double regulation electronic. The first one
was responsible for the conditioning of the “measuring-gas cooler”, which was constantly
running at 2°C. The second one was responsible for the climate control of the
“minicuvette* chamber (see below).

A programming and storage unit. Basically a datalogger, this unit could be programmed in
a way that measuring periods and frequency of storing could be selected for every single
channel in a measuring program. The unit was capable to store 1002 datasets.

The ,,minicuvette*“-chamber with some modified features (see chapter 3.1.2.2)
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¢ The soil respiration chambers (see chapter 3.1.2.1)
e The whole-system chambers (see chapter 3.1.2.3)

e The laboratory chambers for water table changes in microcosms (see chapter 3.1.3)

Fig. 3.1. The CO,; exchange instrumentation in the field: analyser unit (1), pump unit (2), temperature control unit
(3), programming and storage unit {4), laptop computer (5); see text for details.

An important and, with respect to measuring-artefacts, critical part of the instrumentation was

the chamber system. Several features of the chamber construction in this study which, together

with the conditions of the experiment localities proofed to avoid the irregularities observed in
the above mentioned studies, were the following:

e Soil water table in wet and humid tundra types is found close (i.e. <20 cm) to the soil
surface over the whole vegetation period. By inserting soil frames into the ground in such
way that their lower sections were in contact with the soil water, the chamber attached to
the soil frame was sealed towards the outer atmosphere, even if the soil showed low bulk
density and/or high porosity. On the other hand the chamber was still open towards any
diffusion of CO; from lower layers.

e Another feature of the chamber construction used in this study was the wide supplier
tubing to the chambers including buffer containers (see chapter 3.1.2), which effectively

buffered pressure irregularities. Additionally, this construction made it possible to directly
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and parallelly remove both reference- and measuring-gas from a buffer volume. To avoid
errors of the differential signal at the analyser, a volume of the same size as the chambers
for measurement was inserted into the reference gas-stream, which consisted of exactly the

same length of tubing as the measuring gas-streams.

During the field season at Lake Labaz some soil respiration rates exceeded the measuring
range of the analyser. Already in the field a construction enabling the measurements of these
high fluxes was added to the instrumentation with spare parts, which was later exchanged by
some extra parts for the field season 1996. The construction consists of a needle valve and an
additional flow meter, which makes it possible to analyse an aliquot volume only (The rest of
the measuring gas is blown off). The ratio of the flow through the chamber to the flow through

the analyser has to be considered for the calculations of CO; fluxes.

4.1.2 The Set-Up in the Field

In the field, a tent was used to house the instrumentation. Measurements were performed
within a radius of 5 m around the instrumentation. A portable 1 kW generator was used as
electrical power supply. The generator was placed about 100 m downwind of the experimental

sites.

4.1.2.1 Soil Respiration Measurements

Measurements of soil respiration were carried out in continuous differential mode of
operation. The chambers were operated in suction mode, meaning that the air was sucked
through the chambers by the pumps (Fig. 3.3). The design of the chambers for the
measurements of soil respiration was based on a commercial PVC pipe-system (Fig. 3.2). The
pipes of this system had a sleeve at one end, so that they could be stacked into each other. A
rubber seal included in the sleeve provided sealing of the pipe-system. The chamber system
consisted of soil frames permanently anchored in the ground from the beginning of the field
period, and chambers which were placed on the soil frames and sealed during measuring
periods. For the soil frames, pipes with a sleeve at one end were taken to the field and cut to
length according to water table conditions of the specific measuring plot. For chamber

construction, pipe pieces of 10 cm length were cut and closed at one end with a blind-end cap,
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thus forming the top of the chamber. One gas outlet was drilled at the centre of the chambers’

top, four gas inlets were drilled near the base of the side-walls in 90°-angles to each other.

Fig. 3.2. The setup for the measurements of soil respiration in the field (tussock tundra). Chambers (red-brown),
distributor containers (white, on top of the chambers), reference chamber on top of the transport box, which
served as buffer volume.

To minimise pressure problems on one hand and irregularities in the volume and origin of
measuring- and reference-gas stream on the other (as described in Wétzel 1993 and Kutsch
1994), a tubing construction of comparably large volume was attached to the gas inlets of the
chamber. Four tubings with a diameter of 11 mm and a length of 30 cm were leading towards
a plastic box with a volume of about half a litre. It served as a distributor to the four tubing as
well as a buffer volume against pressure changes caused by wind. From this distributor-box,
about 1 m of tubing with 2.4 cm diameter lead into a transport box (60*40*40 cm) which
served to buffer rapid changes of the absolute CO,-concentration in the air. The gas inlet of
the box was always pointing towards the lee side. During the 1995 field season a chamber
system with a diameter of 19 cm (2.835 litre volume, 284 cm? surface area) was used, which
was replaced by a system with 10 cm diameter (0.785 litre volume, 79 cm? surface area) for

the field season of 1996.
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Fig. 3.3. Pneumatic set-up for the measurement of in situ soil respiration in the field. F=filter, P=pump,
NV=needle valve, FM=flowmeter, MV=magnetic valve, MGC=measuring-gas cooler, BINOS=CO,-analyser.

For the measurement of soil respiration, plots were chosen where no, or as little as possible,

aboveground vascular plant biomass had to be clipped for insertion of the soil frames. If

clipping was unavoidable, microsites with only herbs were chosen. Plants were clipped off
directly at surface level in those cases (the avoidance of clipping was the main reason for the
construction of a chamber system requiring less surface area in the second year of the study).

The mosslayer was never clipped, due to several reasons:

e Living and dead moss tissue is difficult to separate from each other. While the microbial
biomass indicating decomposition activity reaches high values already in the green layer of
the mosses (Flanagan and Bunnel 1980), living moss cells with the capability to produce
new shoots were observed, for example, in Polytrichum alpestre up to 25 cm below the
moss surface (Longton 1972).

¢ When the moss layer is clipped at sites with a water table right below the green parts of the
moss, the whole balance of aeration and gas-diffusion is affected negatively. Furthermore,
the thermal regime of the soil is disturbed because the clipped zone is much darker than the
intact moss and thus absorbs more radiative energy.

¢ After the clipping of the green parts of the moss layer in pilot-experiments, an outburst of

CO, was observed, which after a while leveled out again. The final level was observed to
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be higher than the original CO,-flux of the intact moss in some cases, in some cases it was
lower.

e Nearly all authors who have measured soil respiration in tundra areas have not clipped off
any moss inside their chambers, so that the results of this study will be directly comparable
(e.g. Peterson and Billings 1975, Billings et al. 1982, 1983, Pool and Miller 1982, Moore
1986, Moore and Knowles 1989, Oberbauer et ¢l 1991, 1992, 1996).

Before inserting the soil frames into the ground, the organic layer was carefully cut in the
dimensions of the frames, so that the insertion caused no compression of the organic layer.
Measurements did not start until 2 days after insertion to avoid artefacts due to cutting and

insertion (see also Fig 3.6).

4.1.2.2 Soil-Moss System Measurements

As pointed out in the introduction, soil and moss forms a densely interwoven system in wet
and humid tundra types (Everett et al. 1981), which can hardly be seperated without changing
essential structural characteristics of both components. One objective of the study was thus to
measure CO; fluxes of the intact soil-moss system in situ. The measurements of the soil-moss
system were carried out by means of the “minicuvette’ (Walz, Germany), which was part of
the COs-exchange device. This temperature-controlled one litre chamber consists of a
transparent part, in which the sample is placed, and a part with peltier-elements, where
conditioning of the air takes place (Fig. 3.5). The air is circulated between these parts by
means of an adjustable fan. Several sensors measure chamber temperature and humidity,
sample temperature and PPFD at sample level, as well as PPFD and temperature outside the
chamber. One of the outstanding features of the “minicuvette*~device is the possibility to
measure the external temperature at a chosen place within 1 m distance from the chamber,
and, by means of an external control-unit, adjust this temperature inside the chamber with a
negligible time-lag. This “track-mode‘ was used for all experiments in the scope of this work.
The external sensor was placed at the nearest unaffected microsite of the same type as the
analysed one, so that in combination with the dynamic differential mode of the CO»-exchange

device a continuos long-term operation under natural conditions was possible.
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Fig. 3.4. The “minicuvette-chamber for measurements of the CO, fluxes of the soil-moss system in the field. See
text for details.

The original “minicuvette* was modified by the author and the company Walz in such way
that the original construction was inverted. An additional opening for access to the interior
was applied to the original base, and a soil frame was attached to the original top opening
(Fig. 3.4). These modifications permitted the operation of the “minicuvette® directly on
ground level, with the soil frame lowered into the ground down to the soil water level. The
lengths of the soil frames used in this study were 7 cm and 13 cm, both covered a surface area
of 7 cm * 8 cm. When lowered into the ground, the green parts of the moss were situated in
the transparent part of the chamber, separated from the neighbouring, unmeasured moss-

shoots only by a thin layer of acryl-glass.
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Fig. 3.5. Pneumatic set-up for the CO, measurements on the soil-moss system in the field. F=filter, P=pump,
NV=needle valve, FM=flowmeter, MV=magnetic valve, MGC=measuring-gas cooler, BINOS=CO,-analyser.

Measurements were carried out in continuous differential mode of operation. The
“minicuvette” was operated in suction-mode (Fig. 3.5). The gas-inlet of the chamber was
connected to a tubing of about 60 cm length, which was fixed to a small pole 50 cm in height
directly adjacent to the chamber together with the inlet of the tubing for the reference gas-
stream. The inlets of both tubings were placed inside a small buffer container of about half a
litre volume.

It should be noted that the operation of this device is restricted to locations where the soil
frame can reach down to the water table, or other soil features (e.g. grain structure and bulk
density) providing an airtight seal to the surrounding. In all other cases, air is at least partly
sucked into the chamber through the ground, instead of through the inlet tube, which leads to
highly artificial results.

The ,,minicuvette” was established at each measurement plot by carefully cutting the organic
layer with a sharp knife in the dimensions of the chambers’ soil frame. Measurement did not
start until 6 hours after cutting of the organic layer and insertion of the chamber. After this
period, the CO;-exchange of the plot was tested continuously to determine whether it had
stabilised. Fig. 3.6 shows the course of the CO; efflux of the soil-moss system during the
hours following insertion. In the figure, the surface temperature was also plotted, for some of
the changes in CO,-efflux were due to the trend towards lower temperatures the afternoon
when the experiment was performed. The chamber was covered the whole time to prevent

photosynthesis of the moss.
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Fig. 3.6. CO,-flux and surface temperature after cutting of the organic layer and insertion of the “minicuvette*-
chamber. The arrow marks the time of insertion. The experiment was performed at the depression of the
polygonal tundra.

4.1.2.3 Whole System Measurements

To show the contribution of the CO; fluxes of the soil and the moss to the CO; flux of the
whole system (including soil, moss, and vascular plants), measurements were carried out by
means of a chamber including all three subsystems (Fig.3.7). The experiments for the analysis
of the whole-system CO,-fluxes were carried out in static accumulation mode of the gas-
exchange device. In this mode of operation, the air was sucked from the chamber to the
analyser and returned into the chamber (Fig. 3.8). The change in the CO;-concentration per
time unit in this closed loop was used to calculate the CO,-fluxes. The absolute channel of the
CO; -analyser was connected to a 30¥30*30 cm chamber made of acrylic-glass. The air was
reinserted into the chamber near to its base by means of a “gas-comb* (a multi-punctured tube
fixed around the chambers’ inner wall) to provide mixing of the returned air with the air
inside the chamber. The outlet for the gas was situated near the top of the chamber. A soil
frame of 30*30 cm, made of stainless steel, was carefully cut into the ground to about 2-4 cm
deep and levelled out several days before the experiments. On top of this soil frame a ditch for

carrying the chamber was situated, which could be filled with water. When the chamber was
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placed in the waterfilled ditch, the whole system consisting of chamber, frame and the
enclosed system was sealed towards the outer atmosphere and the measurements were started.

Measurements were carried out once an hour over a diurnal course at each site measured.

Fig. 3.7. The chamber for measurements of CO, fluxes of the whole system in the field (left). See text for details.

instrumentation rack

chamber ”~ MGC BINOS
soil frame % : Z l !
FoP NV FM MV

Fig. 3.8. Pneumatic set-up for the experiments on the whole system in the field. F=filter, P=pump, NV=needle
valve, FM=flowmeter, MV=magnetic valve, MGC=measuring-gas cooler, BINOS=CO,-analyser.
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The advantage of the static accumulation measuring mode is the avoidance of any pressure
differences and associated problems. A second advantage is the short measuring period of
only a few minutes or less. For this reason, no temperature regulation (which would be very
costly for a chamber of this size) is needed. The assumption for the use of an unconditioned
transparent chamber is, that the temperature inside the chamber is more or less constant over
the short measuring period. This was not the case. Temperature measured in the centre of the
chamber increased by about 4°C during a 3 min measuring period in full radiation, but was
more or less constant over the equivalent shaded period. One consequence could have been to
increase the ratio of biomass per chamber volume in order to reduce measuring periods. This
was not possible in the case of a whole-system chamber due to the height of the vegetation.
Another disadvantage of the static accumulation method, in particular for the measurement of
photosynthesis, was the discontinuous character of the obtained CO,-fluxes, which led to a

limited database when observing light response relationships.

4.1.3 The Set-Up in the Laboratory: Water Table Experiments

In order to obtain systematic data on the relationship between soil respiration and position of
the water table, laboratory experiments with material from all microsites were performed.
Small microcosms of 10 *10 cm surface area and about 30 cm height were cut out with a
knife and hand-spade in the nearest possible vicinity of the chambers for soil respiration
experiments in the field (Fig. 3.9). Samples were airdried in the field under cool conditions,
transported to Kiel and stored at 0°C until analysis. A cubic type of chamber was constructed
from PVC-plates, with inner dimensions equivalent to those of the microcosms, except for the
height. An air-volume of about half a litre over the microcosms was used for inlet and outlet
of gas-tubes. By means of a sealable opening at the bottom of the chamber, water could be
taken out of the chamber. A transparent tube, whose beginning and end opened into the
chamber at the bottom and in the free gas volume on top of the microcosm, respectively, was
fixed at the outside of the chamber in order to provide information on the water table inside.
The chambers were connected to the CO;-exchange device in pressure-mode of operation (i.e.
the air was pushed through the chamber by the pumps, Fig. 3.10). All chambers and the
reference chamber (half a litre volume) were placed in a “Climatic Test Chamber” (Heraeus-

Vtsch, Germany), which was conditioned at 5°C.
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Fig. 3.9. Microcosms from the polygonal tundra at Lake Levinson-Lessing directly after removal from the ground
(left: depression microsite, centre: low apex microsite, right: high apex microsite).

gas inlet

climatic test chamber . .
instrumentation rack
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measuring gas stream

MV F P NVFM

sample chamber with
water-level indicator

Fig. 3.10. Pneumatic set-up for the microcosm experiments in the laboratory. F=filter, P=pump, NV=needle
valve, FM=flowmeter, MV=magnetic valve, MGC=measuring-gas cooler, BINOS=CO,-analyser.
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The microcosms were placed in the sample chambers, water-saturated with demineralised
water and kept so for five days. After this period, the chambers were opened at the bottom, so
that all water exceeding the maximal saturation of the microcosms was drained. This
procedure took about a day. The experiment started by first measuring this state and then
successively adding water from top of the chambers to increase the water table in 5 cm steps.
It took about 12 hours until the water table was exactly adjusted. Soil respiration at every step
was analysed for about a day. After the experiment with the water table 5 cm below the
surface of the microcosms, two experiments with water tables of 1 cm below and 1 cm above

the surface were performed in order to reach higher resolution in this most sensitive range.

4.1.4 Data Handling

Values from the CO, analyser were recorded every 10 seconds and averaged and stored in the
program and storage module. The averaging period was Smin for soil respiration
measurements and 1 min for the measurements of the soil-moss-system. No averaging was

made of the data of the whole-system measurements.

Since a maximum of three soil respiration-chambers were measured successively and hourly
values for each chamber were required, three 5 min values per chamber were stored every
hour. Also of the reference gas three 5 min values per hour were taken. The mean value of the
three was taken for further analysis, so that all calculations of soil respiration were based on
15 min average values. Since all meso- and microclimatological parameters were taken as
15 min averages as well (see chapter 3.2), a direct correlation between all values was possible.

Soil respiration experiments lasted for at least one day, mostly for longer periods.

Measurements of the soil-moss-system with the Walz “minicuvette* were performed as 24-
36 h experiments whenever possible. 35-40 min of light, 15-20 min of shading and 5 min of
reference gas were measured every hour. Because the main principle of the CO,-
measurements in an open system is the steady-state condition of the measured object, only the
final plateau of the respiration values obtained during shading of the chamber were averaged
for further analysis (three to five 1 min-values). For the same reason, about 5-20 min of data
in light were opmitted after a shading period, until about the same CO,-value as before the

shading period was reached again. The duration of the omitted period was depending on the
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signal level (the magnitude of CO,-turnover of the measured object) and the gas-flow through
the systein. Because in the worst cases the described procedure led to a limited database of net
system flux and moss photosynthesis (i.e. less than 15-20 min of usable light values per hour)
shading was performed only every second hour over most periods of the 1996 field-season.
The soil respiration data were linearly interpolated between the measured datapoints and gross
moss photosynthesis was calculated by substraction of the net system flux values from this

baseline.

For the whole-system experiments, CO,-data were measured and stored every 10 s. Data from
a first period of about 30 s at the beginning of each experiment were omitted. During this
time, only the air of ambient CO,-concentration being in the tubing reached the analyser. For
calculation of the CO,-flux, five sets of three 10 s-values were obtained in most cases. For
each of the sets the slope of the CO,-decrease or -increase was determined and averaged over
the five sets. Including the omitted period, the light-phase of a single experiment had a
duration of 3 min. After the chamber was shaded, the procedure was repeated. Altogether, a
single experiment took about 6 min and led to one net-system-flux value and one whole-
system-respiration value. Due to an unexpectedly short fieldstay during the expedition of
1996, where this type of measurements was carried out, only four diurnal experiments were

performed.

An overview of the calculation of CO,-exchange rates was introduced by Sestak ez al. (1971).
In order to calculate CO,-fluxes from the differential ppm-values of the analyser, the

following formula was used:

FCO=DCO,*F*RCO*c)/A (Equation 1)
where: FCO; is the CO;-flux rate [mg COz*m'z*h'l],
DCO; is the differential value from the analyser [ppm],
F is the flow rate of the air through the system (1*h],
RCO; is the density of CO; in air at 273 K, 1013 mbar,
¢ is a constant for unit conversion,

A is the surface area covered by the chamber.
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CO,-fluxes from experiments in static absolute mode were calculated using the formula:

FCO,=[DeltaCO,*H*RCO,*c)/DeltaT (Equation 2)
where: FCO, is the CO,-flux rate [mg COz*m'z*h"l],
BeltaCO,; is the change of the absolute CO;-concentration
over the period DeltaT [ppm],
H is the height of the chamber [m],
RCO; is the density of CO; in air at 273 K, 1013 mbar,
¢ is a constant for unit conversion,
DeltaT is the time interval over which the change in CO;-

concentration DeltaCO, is observed.

Three kinds of corrections were applied to the raw CO,-data:

1. Temperature correction: The density of CO; in air is temperature dependent. Correction

was applied according to the formula:

RCO 70 =RCO;*(273/(2734 T aer) (Equation 3)
where: RCOgcqr 18 the temperature-corrected density of CO; in air,
RCO; is the density of CO, in air at 273 K, 1013 mbar,

Tact is the actual temperature of the measured gas [°C].

The temperature of the air some centimetres above the ground (as read from the minicuvettes

external sensor) was taken for nearest matching the temperature of the measuring gas.

2. Pressure correction: The density of CO; in air is pressure dependent. Correction was

calculated from the values of the barometer in the climate station according to the formula:

RCOpcor=RCO;*(P,/1013) (Equation 4)
where: RCOjpeor is the pressure-corrected density of CO; in air,
RCO; is the density of CO; in air at 273 K, 1013 mbar,

P, is the actual air pressure [mbar].



48 Methods

3. Absolute CO;-concentration correction: The signal of the differential channel of the CO,-
analyser is dependent on the absolute CO,-concentration. The correction of this error was

calculated following the specifications of the analysers’ individual data-sheet.

4.1.5 Modelling

“Picasso defined art as “the lie that helps us to see the truth. I believe that it is the same with
scientific theories: a lie that helps us to see something new will survive; a truth that we do not see
will be forgotten. Therefore, a simple and beautiful theory -albeit wrong- that can be understood is
better than a more complex one -even if less wrong- that cannot be understood.*

T. Fagerstrém (1987)

Models in the sense of being ““a simplified picture of reality have been used since mankind
has been able to think (Joergensen 1988). Mathematical modelling of biological processes, in
particular, has to be regarded as a tool which can help to refine the results of experiments
(Jarvis 1993): First, the use of models makes it possible to filter the effect of single parameters
out of a whole set of parameters affecting a process. Doing so can provide an understanding of
the process itself. Second, a calibrated model will allow the most precise interpolation of the
measured datapoints and can thus be taken for balancing over a given time period. As a last
point, modelling has an essential role in developing an understanding of process, community
and ecosystem responses to changes of the environment (Dahlman 1985, Reynolds and Acock
1985). In this context, “the judicious use of modelling will allow a limited body of empirical
knowledge to be greatly extended through simulations of complex combinations of
environmental-biotic interactions* (Reynolds et al. 1993). However, mathematical models in
ecology have to be treated with great care. First of all, one has to be aware of the fact that a
model represents only a simplified picture of reality. Processes described by means of
mathematical expressions will always be determined by more processes and factors than
included in the model: According to the theory of hierarchy (Allen and Hoekstra 1990) the
observed layer is always nested in a whole set of lower and higher layers which it controls and
by which it is controlled. Koestler (1967) defined a given structure as the interface between
processes driven from below and structural constraints imposed from above. As a
consequence for mathematical modelling this calls for the application of mechanistic bottom-
up models, ideally containing a consistent, interlocking, interdependent set of processes that

represent a coherent description of the way the system functions (Jarvis 1993). It can thus be
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suggested that a mathematical model describing only one process should be used with great

care with respect to extrapolation in time, space or parameter range.

Numerous studies have been performed on the temperature dependency of soil respiration
(reviewed e.g. in Singh and Gupta 1977, Raich and Schlesinger 1992), but within recent years
there has been growing evidence that the process neither follows either simple exponential-
nor conventional Arrhenius-relationships (Jenkinson et al. 1991, Lloyd and Taylor 1994,
Kirschbaum 1995, Kutsch and Kappen 1997). Instead, the response of soil respiration was
observed to change over the measured temperature ranges beyond its exponential relationship.
To speak in exponential terms, the Qjs-value and therefore the efficiency of the process
increases with decreasing temperature. This principle has been described already much earlier
for biochemical reactions (Slator, 1906, Kanitz 1915), but has not gained much attention since
then. Oechel (1976) described the phenomenon for moss respiration as well, suggesting that it
does not only apply for physiologically heterogeneous processes like soil respiration. Lloyd
and Taylor (1994) have introduced an expression that incorporates these changes of process
efficiency with temperature. Their equation, which was also adopted for modelling the

temperature dependency of soil respiration in this study is:

SR=k*z*(exp(-E¢/(T-Ty))) (Equation 5)
where: SR is the soil respiration rate [mg CO,*m™*h™],
k is a constant for unit conversion,
T is the actual temperature [K],

z, Eg, Tg are regression parameters.

The equation was fitted to the field data in the program Sigma-Plot, using non-linear least-
square regression. It is evident from the character of the expression that various combinations
of Ey and Ty may lead to an appropriate fit over the observed temperature range. In order to
later correlate the approximated values with site characteristics (see below, chapter 3.1.6), the
Ey-parameter was set to the value which Lloyd and Taylor (1994) have calculated for a world-
wide comparison of soil respiration datasets. In this case, the Tg-parameter is a value for the
change of process efficiency across the temperature range (the higher the Ty-value, the higher
the Oy at low temperatures). The size of the z-parameter, however, is an unbiased value of the

increase of soil respiration with temperature.
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The O, values for single degree C intervals were calculated from the approximated

temperature models using the formula of Hochachka and Somero (1984):

0:~(SR2/SR1) A¥TZTYH (Equation 6)
where: Qg 1s the temperature coefficient,
SR1 and SR2 are soil respiration rates

measured at T1 and T2.

Due to the dynamic differential technique, which was used for the analysis of soil respiration
in this study, as well as due to the observation of considerable temperature amplitudes in the
field, sufficient data for a temperature correlation were available. For water table changes,
which are oscillating much slower and with less amplitude, no sufficient database could be
produced in the field. In order to obtain a systematic result, laboratory experiments had to be
performed (see chapter 3.1.3). On the basis of the laboratory experiments, an empirical
expression was sought to describe the dependence of the soil respiration on water table
changes. Oberbauer e al. (1992) have introduced such an equation which uses a slightly
sigmoidally-modified asymptotic function. The empirical expression is based upon
experiments showing that changes of water table position over some depths (below about 20
to 40 cm) have nearly no influence on soil respiration values, whereas such changes closer to
the surface result in strong increase or decrease of this process. Water table changes very close
(i.e. <2 em) to the surface, or even beyond the surface, have a smaller effect on soil respiration
again. Ostendorf (1996) and Reynolds er al. (1996) have already used this model to explain
carbon-turnover on the watershed-scale. The equation according to Oberbauer (1992) which
was also used in this study to describe the reaction of soil respiration to water table changes,

is:

SR=k*exp((a*WT)/(WT+h)) (Equation 7)
where: SR is the soil respiration rate [mg COz*m'z*h'l],
WT is the depth to water tablé [em]
k is a constant for unit conversion,

a, b are regression parameters.
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The “a“-parameter determines the upper level of insensitivity of soil respiration to water table
changes. “b* is a measure of the slope of the water table response curve. It also determines the
shape of the curve at water tables above the soil surface. The lower the value of “b“, the
higher soil respiration rates are reached already with water tables close below the soil surface.
The model was fitted to the laboratory data as described above. When evaluating the
combined temperature- and water model for the field data, the parameters from the
corresponding laboratory experiment were given as the starting parameters.

When applying this model, in particular when extrapolating towards higher water tables
without approximation of the parameters, special attention has to be given to the fact that at
the depth to water table “b* above the soil surface, “SR* jumps to artificially high values, due

to the exponential character of the function. For this reason, a sigmoid expression of the form:

SR=k*(a/(1+exp(-(WL-x0)/b))) (Equation 8)
where: SR is the soil respiration rate [mg CO*m™*h!],
WT is the depth to water table [cm]
k is a constant for unit conversion,

a, x0, b are regression parameters,

was tested with the laboratory data with success. The equation describes a more robust model
of the process for its double asymptotic character and should thus be considered for
applications such as larger scale modelling. However, it results in slightly lower regression
coefficients than Equation 7, due to its symmetric character (Fig. 3.11). For this reason, and
because the aim of this study was to approximate coefficients for every single data set,

Equation 7 instead of Equation 8 was chosen for data analysis.
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Fig. 3.11. Comparison of Equation 7 (Oberbauer) and Equation 8 (sigmoid) on soil respiration data during water
table changes in the laboratory. Material was a microcosm from the depression of the polygonal tundra.

Gross moss photosynthesis from the soil-moss experiments was modelled using an empirical

expression for light dependency and an Arrhenius function for temperature dependency. The

expression for light dependency has been previously introduced to describe the photosynthesis

of lichen, in particular at low light-levels (Kappen et al. 1995):

GP(L)=(a+c*L)/(1+b*L)

where: GP is the gross photosynthesic rate [mg CO*m™>*h™],

L is the PPFD [pmol*m’z*s'l]

a, b, ¢ are regression parameters,

(Equation 9)
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Arrhenius relationships have frequently been used to describe the temperature dependency of

biological processes (Arrhenius 1915, Precht et al. 1973):

GP(T)=exp(d*T-e)) (Equation 10)
where: GP is the gross photosynthesic rate [mg CO*m™*h™],
T is the temperature [°C]

d, e are regression parameters,

Since only a very restricted temperature range was observed during field experiments of moss
photosynthesis, the models evaluated in the scope of this study should not be extrapolated to a
wider temperature range. Modelling of moss photosynthesis in this study was primarily
performed to calculate daily balances as well as to reveal differences in the light response of
the observed moss-species or -communities of the microsites. Another goal was to show the
contribution of the mosses to the whole-system CO,-flux. For these cases a more extended

validation of the models as obtained e.g. by laboratory experiments was not necessary.

4.1.6 Statistics

As pointed out already in chapter 3.1.5, one of the advantages of modelling is the
parameterisation of reaction properties. Statistical methods can then be applied to correlate the
approximated model parameters with factors determining the reaction on a higher level than
the one directly included in the model. This facilitates at least the delimitation of factor
combinations or patterns responsible for an observed type of response, in the best case it can
lead to the formation of indexes. In this study, the correlation of the approximated model
parameters will be restricted to site characteristics, in order to identify patterns responsible for
certain types of response. To circumnavigate constraints regarding the number of »n and the
assumption of normal distribution, as well as scale and character of the compared values,
Spearman rank analysis was chosen. This method allows unproblematic correlation of
heterogeneous, non-normally distributed datasets of any character (e.g. linear, exponential), by
not comparing absolute values of the variables, but differences in their ranks (Spearman 1904,
c.f. Sachs 1984).

Spearman rank analysis was also applied to identify those soil microclimatic parameters

explaining most of the daily variation of soil respiration prior to presentation of datasets and
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modelling. The parameters identified were then used for incorporation in the soil respiration

model (see chapter 3.1.5).

4.2 Meso- and Microclimatological Measurements

Mesoclimatological measurements were carried out by means of a prefabricated climate
station (Driesen und Kern, Germany) comprising a datalogger (Grant, UK), a PPFD-sensor
(Skye, UK), a temperature- and humidity-sensor (Humicap, Vaisala, Finland), wind-speed and
-direction equipment (Vector, UK), and a barometric pressure-sensor (Driesen und Kern,
Germany). All sensors were fixed to a mast in 2 m height above the ground. Data were
recorded every minute and averaged and stored every 15 minutes.

Soil microclimate was analysed by means of thermistors (Driesen und Kern, Germany) fixed
to a wooden pole of 5 mm diameter in 20 cm, 10 cm, 5 cm, 2 cm depth and at the soil surface.
A steel rod (also used to test for the depth of the active layer) was used to prepare a hole, in
which the thermistor chain was inserted. A datalogger (Grant, UK) was used to record the data
taken in 15 min intervals. Depth to water table was measured in holes in the ground, mostly
those resulted from the sampling of the microcosms for the water table-experiments (see
above). A set of both, a soil temperature-measuring unit and a water table indicator was
established near to every chamber for CO;-measurements.

Water content of soil- and moss- samples for correlation with the CO,-measurements was
analysed by means of a moisture analyser (Sartorius MA30, Sartorius, Germany). In this
device, subsamples of about 7 g-15 g WW are dried with infrared radiation at 105°C while
situated on a balance. Since this method is destructive, samples from the nearest suitable

microsite with equal conditions were taken.

4.3 Vegetation Analysis and Sampling for Vascular Plant Biomass

Vegetation analysis and sampling for biomass/production values was undertaken at identical
sites, except for the low-centre polygonal tundra at Lake Levinson-Lessing, where harvesting
for the latter analysis was performed in the scope of a diploma-thesis (Becker 1997). The sites
were situated in close vicinity (i.e. less than 2 m distance) of the soil profiles as well as in the

neighbourhood (i.e. less than 10 m distance) to the CO,-measurements.



Methods 55

For vegetation analysis, 1 m? plots were chosen and analysed for coverage on the basis of a
10 *10 cm grid. Analysis of coverage was chosen because it provides the most neutral
registration of species in the sense of structural shares (Londo 1975, c.f. Dierflen 1990), an
important fact for comparisons between sites. Lichens were counted for frequency of thalli

instead of coverage. Mosses representing less than 5 % of coverage were not assessed.

Sampling for biomass/production values was undertaken as late as possible during the
field stay: at Lake Labaz on 20.8.1995 and at Lake Levinson-Lessing on 28.8.1996 (Becker
1997). Aboveground biomass was clipped off directly at the ground, separated immediately
according to origin, and air-dried (For a detailed list of fractions of aboveground biomass see
Sommerkorn 1996). At Kiel University, samples were dried at 105°C for at least 24 h until
constant dry weight. It should be mentioned that sampling for aboveground biomass was
performed of vascular plants only. Mosses were left in place, since it is complicated to
determine the lower border of living moss tissue. The same is valid for aboveground
production of mosses, which was not sampled for as well. Aboveground annual production of
vascular plants was determined without the share of the annual increase of leaves of evergreen
dwarfshrubs and also without the annual increment of the woody part of all dwarfshrubs.
Sampling of belowground biomass of vascular plants was undertaken at the same days as for
aboveground biomass. At Lake Levinson-Lessing, belowground biomass was determined by
soil cores with a volume of 250 ecm®. Becker (1997) took samples down to 15 cm depth, since
85-90 % of the belowground biomass of vascular plants is situated in this layer in wet tundra
(Dennis and Johnson 1970, Dennis 1977, Dennis ef al. 1978). At Lake Labaz, samples of
100 em? and 30 cm depth were taken with knife and spade (Pfeiffer er al. 1996). Samples
from both localities were washed with water several times over a sieve with 2 mm mesh size
to remove mineral and humus particles. Additionally, an ultrasonic bath was used for the last
cleaning-step in the laboratory. As a last step, the samples were dried in the oven at 60°C to
constant dry-weight. No separation of living and dead roots was possible, so that the realistic
values for belowground living biomass may, in fact, be lower than those presented in this

study.
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4.4 Analysis of Bacterial Biomass

Bacterial biomass from the soils investigated in the scope of this study were analysed by
epifluorescence microscopy (M. Bélter, unpublished data). Sampling from different layers of
soil profiles was carried out in July 1995 at Lake Labaz, and in July 1996 at Lake Levinson-
Lessing. While sampling at Lake Labaz was performed in steps of several cm, sampling steps
at Lake Levinson-Lessing were defined by soil horizons. Samples were air-dried immediately
after sampling and taken to the laboratory in Kiel where they were stored under freezing
conditions until analysis. Samples were rewetted prior to laboratory analysis. Analysis of
microbial communities was performed by epifluorescent microscopy using acridine orange as
stain and blue light for excitation. Cells were counted and measured by image analysis
equipment (Leitz Aristoplan and Quantimed 500). The spheric parameters of the cells as well
as their carbon content were calculated from planimetric diameters (of cocci) or length and
width (of rods) using appropriate geometrical formulas (Bélter er al. 1993). Until the
completion of this thesis, only the bacterial share of the microbial community was fully
elaborated for the investigated soils. Therefore in the according paragraphs it will be referred

to bacterial biomass instead to microbial biomass.
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5 Results

5.1 Descriptive Results

In the scope of this study, CO, flux measurements were performed at seven microsites of three
different tundra types. In this chapter, the biotic and abiotic characteristics of these tundra
types and their microsites, as well as the mesoclimatic conditions of the field-seasons will be
presented. Most of the data were taken by the author, some by colleagues within the project,
some are joint work. All data of foreign origin will be identified accordingly. Data taken by
the author will not appear specifically marked.

5.1.1 Lake Labaz

5.1.1.1 Mesoclimate of the Field-Season

Compared with the summer of the field season in 1994, when a pre-expedition had surveyed
the area (Sommerkorn 1995), the summer of 1995 was warmer (Table 4.1.1), but still within
the range of the long-term July to August values of Khatanga (Table 2.2). Mean ambient
temperature for the field-season from 20.7. to 25.8. was 11.2°C, and daily averages ranged
between 3.9 and 16.2°C. The bulk of the high temperatures were contributed by about 10 days
at the beginning of the field-season with daily maximum temperatures often found above
20°C (for graphs of mesoclimate and a table of daily values of mesoclimatic parameters see
appendix, Fig. Al, Table Al). But also after that particular warm period, daily mean
temperatures ranged around 9°C and radiation was high due to relatively little cloud cover.
Consequently, maximum daily totals of PPFD were as high as 40.3 mol*m™*d", with a mean
value of 23.3 mol*m™>*d". Minimum daily totals of PPFD during overcast days were as low
as 6.8 mol*m>*d"!. Precipitation for the recorded period of 36 days was 38.2 mm in total,
which is comparable to the corresponding value from Khatanga.

Table 4.1.1. Mesoclimate of the field-season at Lake Labaz, 20.7.-25.8.1995.

total campaign (20.7.-25.8.) equivalent period fo Lake Levinson-Lessing
campaign (27.7.-12.8.)
ambient temp. (°C) daily total PPFD ambient temp. (°C) daily total PPFD
(mol*m™**d"’) (mol*m*d’)
mean 11.2 233 10.5 22.9
max. 23.2 40.3 232 33.1
min. -2.6 6.8 1.5 12.8
max. daily average 16.2 13.6
min. daily average 3.9 6.9

total precipitation 38.2 mm
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5.1.1.2 Characteristics of the Experimental Sites

At the intensive study site “Lake Labaz", CO,-flux-measurements were obtained at sites of
two dominating tundra types, tussock tundra and wet sedge tundra (see also Fig. 2.2). Both
tundra types showed a well defined border to each other. The distance between the
investigated sites of both tundra types was about 15 m. While the wet sedge tundra appeared

homogeneous, several microsites could be distinguished in the tussock tundra on the scale of a

square metre,

5.1.1.2.1 Tussock Tundra

Fig. 4.1.1. The tussock tundra at Lake Labaz in the surrounding of the experimental sites.

5.1.1.2.1.1 Vegetation and Vascular Plant Biomass

Of the 1 m® of tussock tundra analysed within the scope of this study, a total of 0.6 m* could
be characterized as wet depressions (TD) and low parts of slopes, whereas 0.4 m® were
hummock- (TH) and tussock- (TT) area. Hummocks appeared as frostpatterns but were

additionaly shaped by moss cushions as well as tussocks of Eriophorum vaginatum.
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Generally, the slopes and some parts of the depressions as well as the lower parts of the
tussocks and hummocks were the realm of the dwarf-shrubs, which accounted for 51 % of
coverage (Table 4.1.2), whereas the higher parts of the tussocks and hummocks were mainly
covered by the monocotyledons (45 % of coverage) and lichens. The distance between the

investigated microsites was about 1 m.

Table 4.1.2; Vegetation and coverage of the tussock tundra. Plot size was 1 m* (0.5 m*2 m).

frequency (thalli/mz)
Cetraria cucullata 145
Cladina arbuscula 25
Cladonia uncialis 24
Cetraria islandica 21
Bryocaulon divergens 8
Dactylina arctica
Nephroma arctica 2
total = 229
coverage (%) group coverage (%)  total coverage (%)

Betula nana 13
Salix pulchra 10
Vaccinium vitis-idea 10
Cassiope tetragona 8
Vaccinium u/z‘giﬁosum 5
Dryas punctata 4
Pyrola rotundifolia 3
Pedicularis lapponica 2
Polygonum viviparum 1
Salix glauca 1
Saxifraga hierculus 1
Saxifraga nelsoniana i

59
Eriophorum vaginatum 24
Carex bigelowii ssp.arctosibirica 18
Arctagrostis latifolia 3

45
Tomentypnum nitens 18
Drepanocladus uncinatus 15
Kiaeria starkii 12
Hylocomium splendens 10
Polytrichum strictum 7
Aulacomnium turgidum
Plagomnium elatum 4

71 175
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Mosses, which represented 71 % of coverage in this tundra type, occupied nearly all sites of
the micro-relief, though they were only sparsely found between the shoots of Eriophorum
vaginatum on the most elevated parts of the tussocks. Extensive moss cushions could be
found on moderately high parts of the hummocks, adjacent to the E. vaginatum tussocks. The
total degree of coverage in the tussock tundra was 175 %, the total number of species

observed was 29.

Biomass values and annual production rates differed between the microsites of the tussock
tundra (Table 4.1.3). The depression was the least productive site as well as the one with the
least aboveground biomass. Compared with the tussock it accounted for only 35 % of the
aboveground biomass and 38 % of the aboveground production. This fact, however, is not
reflected by the belowground biomass, which was approximately equal sized at both locations.
The aboveground production/biomass-ratio was about the same at both microsites, showing
values of 0.33 at the depression and of 0.3 at the tussock. In contrast, the ratio of
aboveground/belowground biomass differed considerably between both microsites: The ratio
was 0.03 for the depression, but 0.09 for the tussock. The value of the depression microsite,
however, has to be regarded with some care and may, in fact, be higher, since it was obvious
when sampling that the belowground biomass at this site mainly crept in from the sides.
Belowground biomass formed an interconnected network in the whole tundra type ard was
distributed more or less homogeneous, as also indicated by the absolute values. of

belowground biomass.

Table 4.1.3. Biomass and annual production of the tussock (TT) and of the depression (TD) microsite of the
tussock tundra in g dry weight (DW) per m’ (joint work, modified from Sommerkorn 1996 and Pfeiffer et al.
1996).

biomass (g DW *m) production (g DW*m™*a’’)
aboveground belowground aboveground
tussock (TT) 370 4239 111
depression (TD) 129 4310 42
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5.1.1.2.1.2 Soils

The soils of the tussock tundra derived from loamy-clayey parent material and had gleyic
features. They could be classified as Pergelic Cryaquept (Soil Taxonomy), or Cryic Histosol
(FAO)(Pfeiffer et al. 1996). The soils showed pronounced differences between sites in
micro-relief (Fig. 4.1.2, Tables 4.1.4, 4.1.5, description of the unfrozen horizons of profiles).
Whereas a thick organic layer of poorly decomposed plant material was developed in the
depressions, the tussocks lack these mats. Also, the gleyic mineral horizon below the organic
layer at the depression microsite was still characterized by high humus content, a feature not
evident at the tussock microsite. As a consequence, the total carbon content of the uppermost
horizon of the depression microsite was very high, about 7 times higher than at the tussock
microsite. The same was evident for nitrogen content, which was found to be 6 times higher at
the uppermost horizon of the depression microsite than at the corresponding layer of the
tussock microsite. Both parameters, however, were comparable between microsites at the
lower horizons. When comparing the C/N-ratio between sites in micro-relief, the uppermost
horizons showed values of 16 at the tussock microsite and 19.8 at the depression microsite.
The C/N-ratios of the lower horizons ranged between 11.5 and 13.3 at both sites in
micro-relief. If it is assumed that most of the organic material produced in the tussock tundra
will gather in the depressions, and that the depression is by far cooler and wetter than the
tussock microsite (see chapter 4.1.1.2.1.3), the huge total carbon content as well as the wide
C/N-ratio is readily explained.
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Fig. 4.1.2. Soil profile of the tussock tundra showing the cross sections of the three microsites: tussock (TT),
mosshummock (TH); depression (TD).
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Table 4.1.4. Soil characteristics of the tussock tundra, tussock (TT) (imodified from Pfeiffer ef al. 1996).

horizon depth pH C N
[em] (CaCly)  [%DW]  [% DW]

A 0-5 4.8 4.8 0.3
(mineral surface horizon with high humus content)

Cgl 5-8 53 23 0.2
(less developed mineral subsurface horizon with gleyic features)

Cg2 8-44 55 23 0.2
Cg3 44-50 5.3 4.0 03

Table 4.1.5. Soil characteristics of the tussock tundra, depression (TD) (modified from Pfeiffer et al. 1996).

horizon depth pH C N
[em] (CaCl2)  [%DW]  [% DW]

Oe 0-17 5.6 33.6 1.7

(intermediately decomposed plant material)

ACg 17-27 5.5 3.8 0.3

(less developed mineral horizon with gleyic features and high

humus content)

5.1.1.2.1.3 Soil Microclimate

Depth to permafrost in the tussock tundra increased by 9-10 cm over the field season (20.7.-
25.8.), resulting in maximum active layer depths of 59 cm and 48 cm by mid-August for
tussock and depression, respectively (Tables 4.1.6, 4.1.7, for graphs of soil microclimate see
appendix, Figs. A3, A4). Water table at the depression was observed to be between 2 cm and
6 cm below soil surface over the observed period, whereas it was found between 20 cm and
24 cm below soil surface at the tussock. Thus, the amplitude of water table changes was the
same at both microsites. Differences in the position of water table between the two microsites
reflected the height of the tussock, which was elevated about 18 cm over the depression.

Mainly as a consequence of micro-relief, expressed by distance to permafrost and distance to
water table, the soil temperatures at various depths showed pronounced differences between
the two microsites. Surface temperature values at some microsites of this study appeared to be
influenced by radiation errors, so that in the following paragraphs the soil temperature at 2 cm
depth will be discussed as the uppermost temperature in the profile. Average soil temperature
at 2 cm depth was 13.4°C at the tussock, but only 8.6°C at the depression. Even more extreme
was the difference between the maximum temperature at 2 cm depth: While a maximum

temperature of 42.4°C could be observed at the tussock, the depression only reached a
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maximum of 18.8°C. Minimum temperatures, in contrary, were comparable between
microsites, with the tussock even showing a slightly colder value. Consequently, the soil
temperature at 2 cm depth showed a much higher amplitude at the tussock (41.2°C), than at
the depression (16.8°C). Another microclimatic property distinguishing the microsites of the
tussock tundra from each other, was attenuation of soil temperature towards deeper horizons.
The difference between the mean soil temperature at 2 cm depth and the one at 10 cm depth
was 3.8°C for the tussock, but only 2.7°C for the depression. The amplitude of soil
temperature in 10 cm depth was still as high as 14.4°C at the tussock, whereas it only showed
a value of 6.4°C at the depression.

Depth to water table appeared responsible for attenuation of temperature and temperature
amplitude at the depression. Horizons below the water table (i.e. lower than 5 cm at the
depression) showed attenuated mean values and amplitude of soil temperatures. None of the
soil temperatures observed at the tussock have been affected by the water table, so that the

comparably less attenuated soil temperature at deeper horizons becomes readily explained.

Table 4.1.6. Soil temperatures, depth to permafrost and to water table in the tussock tundra, tussock (TT), during
the field-season at Lake Labaz, 20.7-25.8.1995. Negative distances from soil surface indicate layers below soil
surface.

soil temperatures distance from soil surface
(&) (cm)
surface 2cm Sem {0 cm 20 cm permafrost __ water table
mean 14.6 13.4 11.0 9.6 -55.2 -21.9
max. 52 42.4 22.8 16.8 -59 -20
min. -2.4 1.2 1.2 2.4 -50 -24

Table 4.1.7. Soil temperatures, depth to permafrost and to water table in the tussock tundra, depression (TD),
during the field-season at Lake Labaz, 20.7-25.8.1995. Negative distances from soil surface indicate layers below
soil surface.

soil temperatures distance from soil surface
Y (cm)
surface 2cm Sem 10cm 20 cm permafrost _ water table
mean 12.9 8.6 7.5 5.9 2.8 -43 -3.7
max. 50.0 18.8 12.4 9.2 44 -48 -2
in. 1.2 2.0 2.4 2.8 1.6 -38 -6
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5.1.1.2.1.4 Bacterial Biomass

Bacterial counts by epifluorescence microscopy were performed by M. Bélter (unpublished
data). A the tussock microsite of the tussock tundra the total bacterial biomass decreased with
depth (Table 4.1.8). A maximum value of 7.1 ug C*g DW™' was observed in the uppermost
sample from 0-2 cm. Bacterial biomass from 2-5 cm depth was only about 31 % of the value
from the uppermost sample. With the transition from the organic layer to the mineral horizon,
the bacterial biomass decreased to values below 1 pg C*g DW™. A small increase of biomass

values below 30 cm depth could be observed again.

Table 4.1.8. Total bacterial biomass (TBB) in various depths of the soil profile in tussock tundra, tussock (TT)
(Bdlter, unpublished data). Description of horizons from Pfeiffer ef al. 1996.

sample / depth (cm) horizon TBB (ug C*g DW")
0-2 A 7.08
2-5 A 2.23
5-10 Cgl 0.99
10-20 Cg2 0.97
20-30 Cg2 0.63
30-40 Cg2 0.74
40-50 Cg3 0.99

While the bacterial biomass value of the uppermost sample (0-2 cm) at the depression
microsite of the tussock tundra was about the same as the one observed at the tussock
microsite, much higher values up to 33.11 pg C*g DW™ occured in deeper layers (5-10 cm) of
the organic horizon (Table 4.1.9). At the lower end of this horizon, the values for bacterial
biomass were about similar to those of the uppermost sample. The mineral horizon from
20-27 cm depth showed a biomass value of 1.72 pg C*g DW™, considerably lower than any

value of the organic layer.

Table 4.1.9. Total bacterial biomass (TBB) in various depths of the soil profile in tussock tundra, depression
(TD) (Bolter, unpublished data). Description of horizons from Pfeiffer ef al. 1996.

sample / depth (cm) horizon TBB (ug C*g DW])
0-2 Oe 7.02
2-5 Oe 13.23
5-10 Oe . 3311
10-20 Oe 5.84
20-27 ACg 1.72




Results 65

5.1.1.2.2 Wet Sedge Tundra

Fig. 4.1.3. The wet sedge tundra at Lake Labaz in the surrounding of the experimental sites.

5.1.1.2.2.1 Vegetation and Vascular Plant Biomass

In contrast to the tussock tundra, the wet sedge tundra (WS) was homogeneous in the sense of
vegetation cover. Although the total degree of coverage of the wet sedge tundra (200 %) was
within the range of the corresponding value of the tussock tundra, the species-composition
showed pronounced differences (Table 4.1.10). The total number of species observed in the
wet sedge tundra was 14 species, only half the amount of the tussock tundra. A thick
mosslayer consisting of a dense carpet of interwoven species covered the ground completely.
It was only interrupted by the shoots of the monocotyledons which occupied 89 % of this type
of tundra. Dwarfshrubs were represented by only three species with a total of 14 % coverage.

Lichens were absent.
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Table 4.1.10. Vegetation and coverage of the wet sedge tundra (WS). Plot size was 1 m> (0.5 m*2 m).

coverage (%) group coverage (%)  total coverage (%)

Salix pulchra 10
Ranunculus affinis 4
Betula nana 3
Salix glauca 1
Rumex arcticus 1
Potentilla palustris 1

20
Carex stans 78
Eriophorum angustifolium
Arctagrostis latifolia

89
Drepanocladus uncinatus 59
Tomentypnum nitens 18
Plagomnium elatum 11
Hylocomium splendens 2
Polytrichum strictum 1

91 200

The belowground biomass of the wet sedge tundra was exceeding 8.3 kg*m™ (Table 4.1.1 1),
which was about twice the amount sampled in the tussock tundra. Aboveground biomass was
found to be about 180 g*m'z, less than half the value of the tussock microsite, but more than at
the depression microsite of the tussock tundra. The aboveground production/biomass-ratio of
the wet sedge tundra showed a value of 0.89, which was about triple the corresponding values
from the tussock tundra. The main reason for this can be found in the high percentage of
monocotyledons in the wet sedge tundra. The ratio of aboveground/belowground biomass was

0.02, representing the lowest ratio observed among the investigated sites at Lake Labaz.

Table 4.1.11. Biomass and annual pr.oduction of the wet sedge tundra (WS) in g dry weight (DW) per m® (joint
work, modified from Sommerkorn 1996 and Pfeiffer ef al. 1996).

biomass (g DW*m?) production (g DW*m™*q"! )

aboveground belowground aboveground

177 8360 157
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5.1.1.2.2.2 Soils

The soil of the wet sedge tundra could as well be characterized as Pergelic Cryaquept (Soil
Taxonomy) or Cryic Histosol (FAO) (Pfeiffer et al. 1996), deriving from loamy-clayey parent
material. It was characterized by a water table permanently situated close to the surface. A
thick organic surface layer, where the majority of soil-carbon was stored, covered the mineral
horizon (Fig. 4.1.4, Table 4.1.12, description of the unfrozen horizons of the profile).

In contrast to the soils of the tussock tundra, the soil of the wet sedge tundra was
homogeneous. The thick organic surface layer of the wet sedge tundra consisted of poorly
decomposed organic material. The mineral horizon showed a high humus content and gleyic
features. The carbon content of the organic surface layer was about half that of the depression
of the tussock tundra. In the wet sedge tundra, a nitrogen content of only about a third of that
measured at the tussock tundra depression resulted in a C/N-ratio of 28, the widest ratio
analysed. In the lower horizon this ratio exceeded the range observed in the tussock tundra, by
showing a value of 13.5. As with the depression of the tussock tundra, the comparatively high
C/N-ratios can be taken as an indication of low turnover-rates of organic matter at this coldest
and wettest site of the three analysed at Lake Labaz (see chapter: 4.1.1.2.2.3).
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Fig. 4.1.4. Soil profile of the wet sedge tundra showing the cross section of the microsite WS.



68 Results

Table 4.1.12. Soil characteristics of the wet sedge tundra (WS) (modified from Pfeiffer er al. 1996).

horizon depth pH C N
[cm] (CaCly)  [%DW]  [% DW]

Oi 0-12 4.1 16.8 0.6

{poorly decomposed plant material)

ACg 12-54 5.7 2.7 0.2

{less developed mineral horizon with gleyic features and high

humus content)

5.1.1.2.2.3 Soil Microclimate

Depth to permafrost in the wet sedge tundra increased by 10 cm over the field season (20.7.-
25.8.), resulting in a maximum active layer depth of 54 cm during the second half of August
(Table 4.1.13, for graphs of soil microclimate see appendix, Fig. A5). The amplitude of
water table changes was restricted in this type of tundra; oscillations of only 2 cm were
observed. Mean water table position was found at about 2 cm below soil surface, representing
the highest position of the sites investigated at Lake Labaz. The reason for the constantly high
water table can be found in the fact that the area around the experimental site served as a
watertrack.

The mean soil temperature at 2 cm depth was 8°C, which was the lowest value observed at
Lake Labaz. With a maximum soil temperature at 2 cm depth of 13.6°C and a minimum
temperature of 2.4°C, the wet sedge tundra showed the lowest amplitude of soil temperature at
this depth, as compared to the corresponding values from the tussock tundra microsites. The
dense and homogeneous vegetation cover of the monocotyledons reduced warming of upper
soil layers by direct radiation. Due to the constantly high water table in the wet sedge tundra,
the temperatures at 2 cm depth were already determined by the cold regime of the soil water.
Soil temperatures of layers below the water table were comparable between wet sedge tundra
and depression of the tussock tundra, both in terms of absolute values and amplitudes.

The difference between the mean soil temperature value at 2 cm depth and the one at 10 cm
depth was 2.2°C, which was the lowest value observed among the investigated sites at Lake
Labaz. Consequently, the temperature distribution between soil surface and permafrost was

most homogeneous in this tundra type.
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Table 4.1.13. Soil temperatures, depth to permafrost and to water table in the wet sedge tundra (WS) during the
field-season at Lake Labaz, 20.7-25.8.1995. Negative distances from soil surface indicate layers below soil
surface.

soil temperatures distance from soil surface
&Y (cm)
surface 2cm Scm 10cem 20 cm permafrost __ water table
mean 9.2 8.0 7.0 5.8 4.1 -50 -2.1
max. 26.8 13.6 11.6 8.8 6.4 -54 -1
min. 2.4 2.4 2.4 2.4 2.4 -44 -3

5.1.1.2.2.4 Bacterial Biomass

The values for bacterial biomass in the profile of the wet sedge tundra (Bolter, unpublished
data) showed a pronounced decrease with depth (Table 4.1.14). The highest bacterial biomass
of 29.4 ug C*g DW™ was observed in the sample from 0-2 cm depth, the lowest layer of the
organic horizon still showed a value of 7.3 pg C*gDW'. Biomass values constantly
decreased throughout the mineral horizon as well. The lowest value of 0.5 ug C*g DWW was
found in the lowest sample of the active layer (30-50 cm). It accounted for only 1.8 % of the

bacterial biomass of the uppermost sample.

Table 4.1.14. Total bacterial biomass (TBB) in various depths of the soil profile in wet sedge tundra (WS)
(Bolter, unpublished data). Description of horizons from Pfeiffer et al. 1996.

sample / depth (cm) horizon TBB (ug C*g DW')
0-2 0Oi 29.38
2-5 01 16.21
5-10 01 7.34
10-20 ACg 248
20-30 ACg 1.47
30-50 ACg 0.52
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5.1.2 Lake Levinson-Lessing

5.1.2.1 Mesoclimate of the Field Season

Mesoclimatic data for the field season at Lake Levinson-Lessing (20.7.-12.8.) are somewhat
incomplete due to a malfunction of the precipitation gauge and a one week data loss in the
period 20.7.-27.7.. The first half of that particular week was rainy and stormy with permanent
overcast, the second half led over to a sunny and warm period, whose end was recorded again
(for graphs of mesoclimate and a table of daily values of mesoclimatic parameter see
appendix, Fig. A2, Table A2). The rest of the field-season was characterized by cool, cloudy
and humid weather. Fog was frequent, because Lake Levinson-Lessing was covered by ice
until the second week of August. The first snow fell on 11.8.. Compared with the equivalent
period of the Lake Labaz field season of 1995 (Table 4.1.1), ambient temperatures for the
field season at Lake Levinson-Lessing in 1996 were lower (Table 4.1.15). Mean temperature
for the first half of August was about 2.5°C lower (minimum temperature 0.5°C lower,
maximum temperature 3°C lower) than at the more southerly site. Whereas the maximum
daily average at Lake Levinson-Lessing was recorded as 13.7°C and was thus almost identical
with the corresponding value at Lake Labaz, the minimum daily average was 2.2°C at the
northern site, which is as much as 4.7°C lower than at the southern site. On the other hand, the
mean temperature of the recorded period at Lake Levinson-Lessing was about 2°C warmer
than the long-term monthly average of August from Lake Taimyr Station (1.5°C warmer than
the average for July), indicating a warm summer for this area of Taimyr Peninsula in 1996.

The mean daily total PPFD value for Lake Levinson-Lessing was low (15 mol*m™*d™), as
compared to the corresponding value of Lake Labaz, due to extensive and persistent cloud
cover. This can also be seen from the minimum daily total, which was as low as
4.5 mol*m™2*d". The corresponding values for Lake Labaz were 23 mol*m2*d? and

12.8 mol*m™*d"!, respectively.

Table 4.1.15. Mesoclimate of the field-season at Lake Levinson-Lessing, 1996.

recorded period of campaign (27.7.-12.8.)
ambient temp. (°C) daily total PPFD (mol*m™~*d")
mean 8.2 15.0
max. 202 28.3
min. 0.9 4.5
max. daily average 13.7
min. daily average 2.2
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5.1.2.2 Characteristics of the Experimental Sites

At the intensive study site “Lake Levinson-Lessing®, CO,-flux-measurements were obtained
at three microsites of a low-centre polygonal tundra, the dominating tundra type of the study
area (see also Fig. 2.3). The three microsites investigated were situated within 2 m distance.
Due to logistic constraints on the duration of the field-stay, one microsite was not fully

elaborated.

5.1.2.2.1 Low-Centre Polygonal Tundra

Fig. 4.1.5. The polygonal tundra at Lake Levinson-Lessing. Experimental sites were situated close to the tent
(centre of the picture). High apices appear brown, low apices yellow, and depressions green in this view.

5.1.2.2.1.1 Vegetation and Vascular Plant Biomass

In terms of vegetation, spatial heterogeneity in the low-centre polygonal tundra occured on a
wider scale than in the tussock tundra at Lake Labaz. Microsite differentiation was obvious
between the wet central depression (PD), humid low apices (PL, <30 cm elevated over the
depression) and mesic high apices (PH, 30-60 cm elevated over the depression). About 25 %

of the polygon areas were low apices, 10 % high apices, and two thirds (65 %) depressions.
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The uniform depression area of the polygons adjacent to the measuring-sites was about
10 *10 m wide. The vegetation of this microsite was dominated by Carex stans and Dupontia
fisheri on the vascular plant side, and Drepanocladus revolvens as well as Calliergon
sarmentosum on the moss side. Mosses altogether showed a coverage of 100 %, whereas
vascular plants covered 80 % (Table 4.1.16). Lichens were absent, dicotyledons represented

only 5 % of coverage.

Table 4.1.16. Vegetation and coverage of the depression of the polygonal tundra (PD).

coverage (%) group coverage (%)  total coverage (%)

Carex stans 60
Dupontia fisheri 20

80
Salix reptans 3
Caltha arctica 1
Pedicularis albalabiata 1

5

Drepanocladus revolvens 60
Calliergon sarmentosumn 20
Plagomnium elatum 10
Polytrichum strictum 10

100 185

Compared with the tundra type of the southern tundra at Lake Labaz, the depressions of the
polygonal tundra contained only low biomass and annual production values were low (Table
4.1.17). Aboveground biomass was 56 g DW*m™ (Becker 1997), representing only 43 % of
the corresponding value at the depression microsite of the tussock tundra, which was the
poorest microsite at the southern location. Also, the ratio of aboveground/belowground
biomass illustrates the comparative poverty of the depression of the polygonal tundra. With a
value of 0.017, it was lower than the corresponding value of the wet-sedge tundra, the lowest
analysed at the southern locality. In contrast to all other microsites investigated, annual
production and biomass at the depression of the polygonal tundra was the same. Hence the
production/biomass ratio was 1, which was the highest value of all investigated microsites. In
this special case, plots for vegetation analysis and biomass/production analysis were not
identical, but closely neighboured. There were no dicotyledons in the plot sampled for
biomass/production values (Becker, personal communication. See chapter 3.3 for method of
sampling) As remarked above, the analysis of belowground biomass was associated with

some technical constraints, which may have resulted in overestimates (see chapter 3.3).
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Table 4.1.17. Biomass and production of polygonal tundra, depression (PD) (modified from Becker, 1997).

biomass (g DW*m™) production (g DW*m )
aboveground belowground aboveground
56 3388 56

At humid low polygon apices, the total degree of plant coverage was not as high as at the
depression microsite. The vegetation at the low apices showed an increasing abundance of
dwarf-shrubs, in particular Dryas punctata, which accounted for a total of 20% of the
coverage (Table 4.1.18). Other dwarf-shrubs, monocotyledons and lichens were responsible
for a total species richness more than twice as high than at the depression microsite. Total
vascular plant cover was 56 %, whereas mosses accounted for 93 %. Tomentypnum nitens

dominated on the moss side, representing as much as 75 % of the coverage.

Table 4.1.18. Vegetation and coverage of the low apex of the polygonal tundra (PL).

JSrequency (thalli/m®)
Stereocaulon spec. 29
Thamnolia vermicularis 46
Dactylina arctica 15
Peltigera aphtosa 15
Cetraria cucullata 2
total=107
coverage (%) group coverage (%)  total coverage (%)

Dryas punctata 20
Astragalus umbelatus 6
Salix pulchra 9
Salix reptans 5
Polygonum viviparum 1
Pedicularis albalabiata 1

42
Carex arctosibirica 9
Arctagrostis latifolia 1
Dupontia fisheri 1
Eriophorum angustifolium 3

14
Tomentypnum nitens 75
Hylocomium splendens
Aulacomnium turgidum
Polytrichum strictum 4

93 149
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The mesic microsite of the high apices showed the same total degree of coverage as the low
apex microsite (Table 4.1.19). Although the species composition of both microsites was quite
similar, several differences indicated that the high apex microsite was drier and more exposed
than the low apex microsite: When moving upwards in micro-relief, the total coverage by
mosses decreased from near to 100 % to 76 %, as did the total number of moss species from 4
two 2. Also, the total number of lichen thalli observed increased by 47 %. Both
monocotyledons indicating wet conditions (Dupontia fisheri, Eriophorum vaginatum)

disappeared.

Table 4.1.19. Vegetation and coverage of the high apex of the polygonal tundra (PH).

frequency (thalli/m*)

Cetraria cucullata 42
Thamnolia vermicularis 38
Dactylina arctica 33
Stereocaulon spec. 18
Cetraria nivalis 15
Peltigera aphtosa 11
total =157
coverage (%) group coverage (%)  total coverage (%)

Dryas punctata 39
Salix pulchra 10
Astragalus alpinus 3

Astragalus umbelatus 2

Minuartia biflora \ 1

Saxifraga hierculus 1

56
Carex arctosibirica 14
Arctagrostis latifolia 4
18

Tomentypnum nitens 32
Hylocomium splendens 44

76 150
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5.1.2.2.1.2 Soils

The low-centre polygonal tundra at Lake Levinson-Lessing showed wet soils derived from
loamy-sandy sediments and accumulation of poorly decomposed plant material (Soil
Taxonomy: Pergelic Cryaquept, FAO: Cryic Histosol}(Gundelwein et a/. 1997). The main soil
characteristics of the investigated polygon sites are presented in Fig. 4.1.6 and Tables 4.1.20
and 4.1.21 (Due to logistical constraints on the duration of the field-stay, soil parameters of
the high apex site have not been elaborated). Most noticeable, the organic surface layers were
much thinner as compared to those of the Lake Labaz-region. In contrast to the maximum of
17 em thickness of the organic mat at the depression of the tussock tundra, only 6 cm
thickness was observed in the polygonal tundra. In the case of the central depression of the
polygonal tundra, the organic horizon could be separated in a poorly -and an intermediately
decomposed horizon. The underlying sandy horizon showed gleyic features and was very
acidic. The carbon-content of the organic horizons was high at both sites in micro-relief, but
highest at the depression microsite. In lower horizons, remarkable amounts of carbon could be
found. Compared with the tundra types at Lake Labaz the carbon-content of the organic layers
ranged near to that of the wet sedge tundra, but exceeded the values with respect to the sub-
surface horizons. The C/N-ratio of the polygonal tundra was similar to that of the wet sedge
tundra at Lake Labaz: A decrease from 30 (organic surface horizon) to 15 (sandy mineral
horizon) was observed at the depression of the polygonal tundra, whereas the corresponding
values at the low apex site were 26 and 13.3, respectively. These comparatively wide ratios
can be taken as indication of poor turnover-rates of organic material in this wet and cold
tundra type.

Fig. 4.1.6. Soil profile of the polygonal tundra showing the cross sections of the three microsites: high apex
(PH), low apex (PL); depression (PD). No profile description can be given for the high apex microsite (see text).
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Table 4.1.20. Soil characteristics of the depression of the polygonal tundra (PD) (modified from Gundelwein ef
al. 1997)

horizon depth pH C N
[em] (CaCly)  [% DW]  [% DW]

Oi 0-2 5.0 18.0 0.6
(poorly decomposed plant material)

Ne 2-6 4.0 10.3 0.6
(intermediately decomposed plant material)

Bg 6-35 4.3 6.0 0.4
(sandy mineral horizon with gleyic features)

Tabie 4.1.21. Soil characteristics of the low apex of the polygonal tundra (PL) (modified from Gundelwein et al.
1997).

horizon depth pH C N
[cm] (CaCl2)  [%DW] [%DW]

0i 0-6 5.0 13.0 0.5

(poorly decomposed plant material)

Bg 6-25 4.6 4.0 0.3

(sandy mineral horizon with gleyic features)

5.1.2.2.1.3 Soil Microclimate

As demonstrated above for the spatially heterogeneous tussock tundra at Lake Labaz, also the
low-centre polygonal tundra at Lake Levinson-Lessing also showed a variety of microclimatic
conditions within its microsites. Mainly as a consequence of position in micro-relief, mean
depth to water table dropped from less than 1 cm below the soil surface at the polygon
depression to nearly 32 cm at the high apex over a horizontal distance of less than 2 m (Tables
4.1.22, 4.1.23, 4.1.24). Total amplitude of the water table position over the field season was
found to be nearly identical at all microsites. After intensive rainfalls from 4.8.-7.8., the
water table raised by about 7 cm, which in the case of the polygon depression led to water
standing above the ground for 5 days (for graphs of soil microclimate see also appendix,
Figs. A6, A7, A8).

Exposure, depth to water table, and a combination of plant cover and depth of active layer
contributed to the differences of soil temperatures between microsites of the polygonal tundra,
but differences were not as pronounced as in the tussock tundra. The coldest microsite (as
indicated by soil temperature at 2 cm depth was the high apex showing a mean temperature of
more than 1.5°K less than the depression, the warmest microsite. Also when looking at the
mean soil temperatures in deeper horizons, the depression was the warmest microsite. While
the high apex and the low apex showed almost identical mean soil temperatures close to the

surface, the temperature amplitudes were different. Whereas the low apex showed the highest
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amplitude of all microsites at 2 cm depth, it revealed the lowest at 20 cm depth. Contrary to
this, the high apex showed the lowest amplitude of all microsites at 2 cm depth, but still the
highest at 20 cm depth. These conditions were contrary to those of the investigated tundra
type at Lake Labaz, where the wet sites were coldest and showed the narrowest amplitude of
soil temperature over the profile. They may be explained by the high apex of the polygonal
tundra being the most exposed microsite during a windy and cloudy season. Also, the
insulating effect of the well developed mosslayer at the low apex microsite led to a high frost
table at this microsite, resulting in the comparable low mean temperatures and temperature
amplitudes in 10 and 20 cm depth. Additionally, the thermal buffer water may have a positive
instead of a negative effect on the temperature regime of soils at this northern location already
during late July and early August, resulting in the comparatively higher temperatures at all
horizons of the depression microsite.

The increase of active layer depths in the polygonal tundra was not found as homogeneous as
in the tundra types at Lake Labaz. Whereas the depth to permafrost increased only by 8.5 em
over the field season at the depression microsite, the corresponding value was 11 cm for the
low apex and as much as 15 cm at the high apex. This corresponds to the general observation
that drier sites thaw deeper and faster than their wet counterparts. Another important fact to
mention when comparing the Lake Labaz-sites to the Lake Levinson-Lessing-sites is the as an

average 20 cm deeper active layer in the southern tundra type.

Table 4.1.22. Soil temperatures, depth to permafrost and to water table at the depression of the polygonal tundra
(PD) during the field-season at Lake Levinson-Lessing, 20.7.-12.8. 1996.

soil temperatures distance from soil surface
Y (cm)
surface 2cm 5 em 10 cm 20 cm |  permafrost  water table
mean 9.3 8.4 7.1 53 23 -28.9 -0.7
max. 21.6 17.6 12.8 8.4 32 -31.5 5
min. 2.4 2.4 2.4 2.4 0.8 -23 -7

Table 4.1.23. Soil temperatures, depth to permafrost and to water table at the low apex of the polygonal tundra
(PL) during the field-season at Lake Levinson-Lessing, 20.7.-12.8. 1996.

soil temperatures distance from soil surface
(°C) fcm)
surface 2cm S em 10 cm 20 cm| permafrost  water table
mean 9.5 7.0 5.4 4.0 0.9 -22.7 -8.0
max. 32.8 19.6 12.0 7.2 2.0 -26 -2
min. 1.2 1.2 1.2 1.2 0.0 -15 -14
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Table 4.1.24. Soil temperatures, depth to permafrost and to water table at the high apex of the polygonal tundra
(PH) during the field-season at Lake Levinson-Lessing, 20.7.-12.8. 1996.

soil temperatures distance from soil surface
(°C) (em)
surface 2cm Scm 10 cm 20 cm|  permafrost  water table
mean 8.6 6.8 5.7 4.7 2.2 -31 =317
max. 21.6 15.2 10.8 8.0 4.0 -37 -25
min. 2.0 2.0 2.0 2.4 0.4 -22 -35

5.1.2.2.1.4 Bacterial Biomass

Analysis of bacterial biomass in the polygonal tundra was performed by M. Bélter
(unpublished data). The profile at the depression microsite showed a decrease of bacterial
biomass with depth (Table 4.1.25). The highest value of 14.8 pg C*m**d’ was observed in
the sample from 0-2 cm depth. This was about half the value of the uppermost sample from
the wet sedge tundra at Lake Labaz. The bacterial biomass dropped only slightly in the lower
organic horizon (Oe), still showing a value of 1.6 pg C*m™*d"!. The mineral horizon (Bg) still
showed a biomass value of 6.2 mg CO.*m™*h™., which was considerably higher than the

value of the corresponding horizon from the wet sedge tundra at Lake Labaz.

Table 4.1.25. Total bacterial biomass (TBB) in various depths of the soil profile in polygonal tundra, depression
(PD) (Bolter, unpublished data). Description of horizons from Gundelwein et al. 1997.

sample / depth (cm) horizon TBB (ug C*g DWI)
0-2 01 14.76
2-6 Oe 11.58
6-35 Bg 6.23

The low apex microsite showed a decrease of the bacterial biomass with depth as well, but the
differences between values were much smaller (Table 4.1.26). The biomass value of the
uppermost horizon was as low as 3.6 pug C*m™**d!, which is only about 25% of the
corresponding value from the depression microsite. Bacterial biomass decreased only slightly
towards the lower horizons, showing values of about 2.1 pg C*m™*d"! in the sample from
10-25 cm.

Bacterial biomass at the high apex microsite was not determined.
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Table 4.1.26. Total bacterial biomass (TBB) in various depths of the soil profile in polygonal tundra, low apex
(PL) (Bolter, unpublished data). Description of horizons from Gundelwein ef al. 1997.

sample / depth (cm) horizon TBB (ug C*g Dw)
0-5 Oi 3.61
5-10 Bg 3.31
10-25 Bg 2.07
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5.2 Experimental Results
5.2.1 Soil Respiration Studies

5.2.1.1 Experiments in the Field

The soil respiration experiments performed in the scope of this study were designed to reveal
quantitative as well as qualitative differences of the soil respiration process between tundra
types and microsites. Therefore, experiments were performed at seven different microsites in
three different tundra types, tussock tundra and wet sedge tundra (in the Southern Arctic
Tundra at Lake Labaz), as well as low-centre polygonal tundra (in the Typical Arctic Tundra
at Lake Levinson-Lessing). Three microsites were investigated in the tussock tundra, the
tussock (TT), the moss hummock (TH), and the depression (TD). One site was under
elaboration in the wet sedge tundra (WS). In the low-centre polygonal tundra, three microsites
were investigated, the central depression (PD), the low apex (PL), and the high apex (PH).
Soil and vegetation properties, microclimatic characteristics of these microsites and the scale
of heterogeneity are described in the chapters “Characteristics of the experimental sites

(4.1.1.2, and 4.1.2.2).

A total of 627 values (15 min. averages, see chapter 3.1.4) were recorded during about 41
diurnal experiments. Some diurnal experiments could not be performed for 24 h without

interruption, mainly due to generator problems resulting from poor gasoline quality.

In order to identify microclimatic parameters generally controlling the soil respiration process
of all investigated sites during the experimental periods, Spearman rank correlation of all soil
respiration data with microclimatic site parameters was performed. The results of the
correlation analysis identified water table to be the factor explaining most of the variation in
soil respiration, closely followed by soil temperature at 2 cm depth (Table 4.2.1). As one
consequence of this results, the obtained soil respiration values of the various tundra types and
their microsites will be presented together with the courses of depth to water table and soil
temperature at 2 cm depth (which will be abbreviated ST2 from here on) in the following
paragraphs. Please note that ST2 and depth to water table values given in Tables are restricted

to those taken simultaneously with the presented CO; effluxes.
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Table 4.2.1. Spearman rank correlations (rs) for all soil respiration data (15 min. averages, n=627) of all sites
investigated with microclimatic parameters. * indicates correlation is significantly different from zero at P<0.05.

soil temperatures

surface 2cm Sem 10 em 20 cm depth to depth to
water table _permafrost

soil respiration,
all data, all sites *0.566 *(0.709 *0.673 *0.616 0.003 *-0.736 -0.092

5.2.1.1.1 Lake Labaz
Tussock tundra, tussock (TT)

At the beginning of the field season at Lake Labaz soil respiration rates observed were not
measurable with the settings and performance of the instrumentation. Some modifications had
to be made to the hydraulic system to make detection of these fluxes possible (see chapter
3.1.1). Depth to water table ranged between 21 cm and 23 cm below soil surface during
experimental periods (Fig. 4.2.1 and Table 4.2.2). Soil respiration rates reaching a maximum
of nearly 500 mg CO,*m™*h” were recorded with an ST2 of 26.4°C during the last days of
the measuring campaign. With a minimum observed ST2 of 5.2°C, the tussock microsite still
showed soil respiration rates of about 400 mg CO*m™*h™!, the highest minimum rate of all
microsites. The highest rates and the largest diurnal variations of soil respiration in the scope

of this study were observed at this microsite.
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Fig. 4.2.1. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table

in tussock tundra, tussock (TT).

Table 4.2.2. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table of tussock

tundra, tussock (TT), during periods of experiments.

soil respiration

soil temperature 2 cm

water table

(mg CO*m**h) (°C) (cm firom soil surface)
mean 490.6 15.8 -22.2
max 592.0 26.4 =21
min 395.2 5.2 -23
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Fig. 4.2.2. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in tussock tundra, moss hummock (TH).

Table 4.2.3. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in tussock
tundra, moss hummock (TH), during periods of experiments.

soil respiration soil temperature 2 cm water table

(mg CO*m %) (°C) (cm from soil surface)

mean 2977 14.6 -13.8
max 430.7 28.8 -12.6
min 209.0 3.2 -15.5

Tussock tundra, moss hummock (TH)

Depths to water table ranged between 12.6 cm and 15.5 ¢m below the soil surface during the
experiment. Soil respiration rates at the moss hummock microsite of the tussock turdra
showed large diurnal variations as well (Fig. 4.2.2).Maximum values of 430 mg CO,*m™*h™!
were recorded at a ST2 of 28.8°C (Table 4.2.3). Minimum ST2 as low as 3.2°C led to soil

respiration rates of more than 200 mg COg*m'z*h‘l.
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Fig. 4.2.3. 15 min, average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in tussock tundra, depression (TD).

Table 4.2.4. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in tussock
tundra, depression (TD), during periods of experiments.

soil respiration soil temperature 2 cm water table

(mg CO¥m?* ) (°C) (cm from soil surface)

mean 106.7 7.7 -37
max 181.8 11.6 2.5
min 54.0 2.0 -5.4

Tussock tundra, depression (TD)

Parallel with a water table ranging between 2.5 cm and 5.4 cm below soil surface (about
10 cm higher than at the moss hummock microsite), and ST2 of highest 11.6°C, maximum
soil respiration rates of about 180 mg CO*m™>*h” could be measured (Table 4.2.4). This
value was a little less than the minimum rate observed at the moss hummock microsite with a
ST2 of as low as 3.2°C. Minimum soil respiration rates at the depression microsite were found
as low as 54 mg COz*m'z*h'1 with a water table about 3 cm below the soil surface and ST2 of
2°C.At the depression microsite the modifying aspect of water table changes on a daily basis
could be identified: maximum ST2-values on 13.8. were the same as on 10.8., but resulting
CO, effluxes were considerably lower on the former day, when the water table position was

some 2 cm closer to the soil surface than on the latter day. At the depression microsite of the
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tussock tundra, absolute soil respiration rates were considerably lower and diurnal variations

more attenuated than at the previously presented microsites (Fig. 4.2.3).
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Fig. 4.2.4. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in wet sedge tundra (WS).

Table 4.2.5. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in wet
sedge tundra (WS), during periods of experiments.

soil respiration soil temperature 2 cm water table

(mg COm™**h) (°C) (cm from soil surface)

mean 194.4 8.3 -2.7
max 254.2 11.6 -2.0
min 125.9 5.2 -3.0

Wet sedge tundra (WS)

Three diurnal courses of soil respiration in wet sedge tundra (26.-27.7., 1.8.) showed a
maximum CO, efflux rate of about 250 mg CO,*m™*h™ with a ST2 of 11.6°C (Fig. 4.2.4,
Table 4.2.5). The high degree of vegetation cover shaded the soil surface and the constant
water flow through this tundra type (see chapter 4.1.1.2.2) provided a thermal buffer, resulting
in the lowest amplitude of ST2 in the wet sedge tundra. As a consequence, minimum CO;
effluxes of 126 mg COz’"m'z*h'l observed in combination with a ST2 of 5.2°C resulted in the
Jowest observed amplitude in soil respiration of only about 130 mg CO*m™2*h™. Depth to
water table during the experimental periods was very stable and varied only between 2 cm and
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3 cm below the soil surface. With a water table position of some 2.5 cm lower and the same
maximum ST2, the depression microsite of the tussock tundra reached only about
180 mg CO*m™*h™". Soil respiration rates towards the end of the measuring campaign were
lower than during the first diurnal courses, due to slightly higher water table and lower
temperatures.

A serious generator failure and resulting problems with the gas exchange device in the period
from 28.7. to 1.8., as well as an unexpected end of the measuring campaign due to logistic
problems, constrained the database of the wet sedge tundra at Lake Labaz.
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Fig. 4.2.5. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in polygonal tundra, high apex (PH).

Table 4.2.6. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in
polygonal tundra, high apex (PH), during periods of experiments. See text for details.

soil respiration soil temperature 2 cm water table

(mg CO*m**h!) (°C) (cm from soil surface)

mean 206.9 8.3 -30.5
max 258.9 14.8 -30.0
min 152.6 2.4 -31.5
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5.2.1.1.2 Lake Levinson-Lessing

Polygonal tundra, high apex (PH)

Over the first two weeks of the measuring campaign in the polygonal tundra at Lake
Levinson-Lessing, the soil water table at the high apex microsite was situated deeper than
35 cm below the soil surface and could not be registered (Fig. 4.2.5). A period of heavy
rainfall during 4.-7.8. caused the water table to rise above the depth of the observation hole,
and thus become measurable. When reading Table 4.2.6, it must be considered that the values
for depth to water table refer only to the perceived period of the measuring campaign. The
shading effect of the comparatively high degree of vascular plant cover (see Table 4.1.16) at
this microsite resulted in a small amplitude for ST2. With the mean position of the water table
lower than 30 cm and ST2 not exceeding 15°C, the high apex microsite showed maximum
soil respiration values of about 260 mgCO*m™?*h”. The high apex microsite of the
polygonal tundra thus reached only half of the maximum rates that could be observed at the
comparably dry site of the tussock tundra at Lake Labaz. The diurnal variations of soil
respiration were fairly attenuated as well: with minimum observed rates of about
150 mg CO*m™*h™, the amplitude of CO, efflux was smaller than that of the wet sedge
tundra at Lake Labaz, although the amplitude of ST2 was half as large there.
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Fig. 4.2.6. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in polygonal tundra, low apex (PL).

Table 4.2.7. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in
polygonal tundra, low apex (PL), during periods of experiments.

soil respiration soil temperature 2 cm water table

(mg CO¥m**1) (°C) (cm from soil surface)

mean 178.1 8.1 -10.0
max 292.0 18.0 -6.0
Imin 80.0 1.2 -13.0

Polygonal tundra, low apex (PL)

The low apex microsite of the polygonal tundra was characterized by a water table ranging
between 6 cm and 13 cm below soil surface (Table 4.2.7). ST2 values during the experimental
periods ranged from as low as 1.2°C to 18°C, representing the widest range of all microsites at
the northern location. Minimum soil respiration rates of 80 mg COy*m™*h™ occurred together
with the coldest ST2 and the highest water table position following heavy rainfalls from 4.-
7.8. (Fig. 4.2.6). Maximum CO; effluxes of nearly 300 mg CO.*m™*h’, the highest measured
in the polygonal tundra at Lake Levinson-Lessing, were recorded with the maximum observed
ST2 and a depth to water table of about 12 cm. Depth to water table modified the total level of
soil respiration at the low apex microsite beyond the effect of temperature alone, as indicated

by the experiment from 6.-8.8..
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Fig. 4.2.7. 15 min. average values for CO,-flux of soil respiration, soil temperature at 2 cm depth, and water table
in polygonal tundra, depression (PD).

Table 4.2.8. Amplitudes and means of soil respiration, soil temperature at 2 cm depth, and water table in
polygonal tundra, depression (PD), during periods of experimenits.

soil respiration soil temperature 2 cm water table

(mg CO*m™**i)) (°C) (cm from soil surface)

mean 142.4 9.1 -1.1
max 260.5 15.6 3.9
min 19.2 2.4 -5.1

Polygonal tundra, depression (PD)

With depths to water table ranging from 5 cm below to 4 cm above soil surface, the central
depression of the polygonal tundra was a special case among the sites presented above. Even
with a water table several cm above the ground soil respiration values of about
20 to 80 mg CO*m™*h™' could be obtained (Fig. 4.2.7). Although these flux rates were small,
they were far from being negligible if compared to the maximum CO, effluxes observed at
this microsite (Table 4.2.8). The phenomenon indicates that oxygen concentration in cold
water was sufficient to maintain at least a considerable aerobic carbon turnover. Though the
water table was situated that close below the soil surface at the depression microsite, ST2

values were found fairly high (15.6°C), resulting in maximum CO, effluxes of
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260 mg CO*m™*h™!, This value was higher than the corresponding maximum of the high

apex microsite and only little less than the maximum observed at the low apex microsite.

Summing up

Courses of soil respiration of a variety of tundra types and their microsites have been
presented above, each one representing a specific microclimatic regime. It was shown that the
absolute level of soil respiration rates was determined by the position of the water table, in
particular at the wet and moist sites. Water table changes close to the soil surface resulted in
comparatively large changes of soil respiration rates. Diurnal variations of soil respiration,
however, reflected the soil temperature, particular the ST2. However, some hints were
showing that also with similar or even the same depth to water table and ST2 the resulting soil
respiration rates differed between microsites. It will be the goal of the modelling of the soil
respiration process of all microsites to work out and elucidate differences in the response of
the process to the controlling variables, and to possibly correlate these differences with site
characteristics other than microclimatic parameters. The results and aspects of evaluation
made possible by the modelling of soil respiration will be presented in the chapters 4.2.1.3.1

and 4.2.1.3.2.

5.2.1.2 Experiments in the Laboratory

The evaluation of a model describing the response of a process to more than one factor faces
several constraints, in particular if each response is determined by a set of regression
parameters. Co-occurrance of high water tables and colder ST2, as observed in most cases
during field experiments, was furthermore complicating the task. Therefore, laboratory
experiment on the effect of water table position on soil respiration were performed with
microcosms from the different sites at a constant temperature of 5°C. The obtained model
parameters were used as starting parameters for evaluating the combined temperature and

water table models for the in situ soil respiration.

The response of soil respiration to water table position at a constant temparature of 5°C was
systematically tested with seven microcosms originating from the different microsites (see

chapter 3.1.3 for methodology).



Results 91

All microcosms showed increasing soil respiration rates with a decreasing water table, as well
as considerable rates also with a water table above the soil surface (Fig. 4.2.8). A strong
increase of soil respiration rates with water table changes close to the soil surface was
accompanied by smaller increases with such changes both above soil surface as well as in
lower horizons in all samples, although this trend was most pronounced at the sample from
the wet sedge tundra.

Differences between microcosms occured with respect to the absolute level of soil respiration
at a specific water table position and the increase of soil respiration within a given interval of
water table change. Total soil respiration rates observed with the lowest water table position
were highest in the microcosms from Lake Labaz. The highest rates were attained by the
sample from the wet sedge tundra (WS), followed by those from the tussock tundra (TT, TH,
TD). The microcosms from Lake Levinson-Lessing (PH, PL, PD) did not reach comparable
rates, though they were an average of 5 cm higher. A trend towards higher maximum soil
respiration rates from wet (third panel) over moist (second panel) to dry (upper panel)
microsites was found for both tussock tundra and polygonal tundra, but could not be verified
for the wet sedge tundra, which showed the highest value of all samples already with a
water table of 17 cm below soil surface.

The microcosms from Lake Labaz showed higher sensitivity to water table changes at lower
horizons as compared to those from Lake Levinson-Lessing. An increase of soil respiration
with a falling water table was observed over the whole range of height of the microcosms
from the tussock tundra, whereas soil respiration of the samples from the polygonal tundra
tended towards insensitivity to water table changes at deeper horizons. As an exception, the
microcosm from the wet sedge tundra at Lake Labaz also showed the tendency towards
insensitivity at lower horizons. Also in contrary to the observations from above this sample,
although from an extremely wet tundra, showed the highest soil respiration rate observed with
a low water table. Thus, the microcosm from the wet sedge tundra showed the steepest

response of soil respiration with a falling water table.



92

Results

TT PH
400 400
®  measured, PH
- ® measured, TT - . P
= 3000 detied. 09983 e 3007 — modelied, 09977 |
E 0] E -
T ¥~ 200
Q
3 3
o o
E 100 E 100
Q 0
Q -5 =10 -15 -20 -25 Q -5 -10 -15 -20 -25
cm from sail surface cm from soil surface
TH PL
400 400 T—— —
& measured, TH *  measured, PL :
0.9986 <. 300 modelied, *=0.978
L
o 200
o
o
E 100
0 Q
Q -5 -10 -15 -20 -25 Q -5 -10 =18 -20 -25
cm from soil surface cm from soil surface
TD PD
400 400
o mozsured, TD ® measured, PD
—:‘: 300 1| —— modelled, ?=0.9954 *_F 300 ~= modelled, P= 0.9915
E E
o 200 o 200
o o
o o
E 100 E 100
Q 0
Q -5 -10 -15 -20 -25 Q -5 -10 -15 -20 -25
cm from sail surface cm from soil surface
WS
400
‘;‘: 300
e
o 200
o
=2 ® measured, WS
E 100 —— modelled, *=0.9976
Q
0 -5 -10 -15 -20 -25

cm from soil surface
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In order to obtain a framework of regression parameter values that could be used for
modelling the water table dependence of soil respiration rates observed in the field, the
measured values from the laboratory experiments were fitted with equation 7 (Fig. 4.2.8).
Correlation coefficients (r?) were exceeding 0.99 in all cases (Table 4.2.9). Regression
parameters showed clear differences between the samples from the polygonal tundra and the
tussock tundra: Both, the “a“-parameter (mainly responsible for the level of the upper plateau)
and the “b‘“-parameter (mainly responsible for the slope of the curve) were considerably
higher in the samples from tussock tundra as compared to those from the polygonal tundra.
The exceptional characteristic of the sample from the wet sedge tundra was elucidated by an
“a“-parameter within the range of those from the polygonal tundra (i.e. insensitivity to
changes of water table already close to the soil surface) and the lowest “b“-parameter of all

samples (i.e. the steepest slope).

Table 4.2.9. Regression coefficients (r”) and approximated parameters of equation 7 for the water table
experiments.

sample v a b
polygonal tundra, depression 0.9915 2.735 8.869
polygonal tundra, low apex 0.9978 2.723 6.449
polygonal tundra, high apex 0.9977 2.172 6.365
wet-sedge-tundra 0.9976 3.100 2.975
tussock tundra, depression 0.9954 3.327 15.11
tussock tundra, hummock 0.9986 3.855 13.19
tussock tundra, tussock 0.9983 3.618 18.69
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5.2.1.3 Modelling of Soil Respiration in Tundra Systems

The results of the Spearman rank analysis (Table 4.2.1, chapter 4.2.1.1) suggested that depth
to water table and-soil temperature at 2 cm depth would be the best factors to include in a
mathematical description of the CO; efflux from the investigated tundra types. For all seven
sites the regression parameters of equations 5 and 7 were fitted to the observed soil respiration
data as described in chapter 3.1.5. Regression coefficients (1) exceeding 0.9 could be
obtained for all sites, except for the high apex microsite of the polygonal tundra (0.87, see
Table 4.2.10). Furthermore, the slopes of the linear regression curves of modelled versus
measured values were close to 1 in all cases. Also analysis of residuals revealed unbiased
distributions in nearly all cases for both temperature- and depth to watertable range,
respectively (see Fig. 4.2.9 for an example of analysis of model quality for the model from the
low apex microsite of the polygonal tundra (PL), for analysis of the quality of the other
models see appendix, Figs. A9-A22). All these criteria indicated that mid-season soil
respiration rates at the microsites investigated could be accurately described by their
individual response to both soil temperature at 2 cm depth and depth to water table. Soil
respiration rates measured were very well matched by the evaluated models (for graphs of

model runs see appendix).

Table 4.2.10. Regression coefficients (r%), standard errors of the estimate (STD of estimate) and n for the soil
respiration models, as well as regression parameters for linear regression between modeloutput and measured
values.

soil respiration model modelled versus measured

¥ STD of estimate n a b

tussock tundra, tussock (TT) 09319 16.5658 39 -1.0510 1.0021
tussock tundra, hummock (TH) 09130 9.1928 98 -0.8995 1.0029
tussock tundra, depression (TD) 0.9273 9.1928 80 -0.8176 1.0070
wet sedge tundra (WS) 0.9731 6.6201 28 -1.4142 1.0069
polygonal tundra, high apex (PH) 0.8650 6.6499 17* -45.6534 1.2554
polygonal tundra, low apex (PL) 0.9782 9.4524 116 0.6244 0.9968
polygonal tundra, depression (PD) 0.9468 17.7226 120 -3.5168 1.0196

Note that n* for polygonal tundra, high apex refers to the combined temperature and depth to water table model
only, the temperature part of the model was first fitted using an n of 107.
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5.2.1.3.1 Balancing the CO; Efflux of Soil Respiration

As already mentioned when elucidating the theoretical background for ecological modelling
(chapter 3.1.5), one of the advantages of a calibrated model is the possibility of most precise
interpolation in the scope of balancing over the period of the field season where microclimatic
conditions were observed. Thus, calculated soil respiration values cover all observed
parameter combinations and therefore allow much better comparison between sites than the
measured values alone. Table 4.2,11 shows means and amplitudes of soil respiration rates as

well as of microclimatic conditions of every investigated site.

Table 4.2.11. Modeloutput of means and amplitudes of daily soil respiration rates (g CO*m™2*d" and
g C*m*d") over the period where microclimatic conditions were observed, as well as soil temperature, and
depth to water table for the different microsites during this period.

Lake Labaz Lake Levinson-Lessing
1T TH D WS PH PL PD
mean soil respiration
(g CO*m™*d") 10.9 6.7 2.6 4.0 4.7 43 3.8
(g C*m*d*) 3.0 1.8 0.7 1.1 13 1.2 1.0
min/max soil respiration
(g CO*m*d’) | 8.4/14.9  4.8/10.2 1.3/4.9| 3.0/7.3 3.7/5.1 1.5/9.3 0.8/11.3
(g C¥m2*d') | 2.3/4.1 1.3/2.8 0.4/1.3] 0.8/2.0 1.0/1.4 0.4/2.5 0.2/3.1
rel. amplitude (% max) 44 54 73 59 27 84 93
mean soiltemp. 2 cin
(°C) 12.0 11.5 7.6 7.4 6.8 73 8.7
min/max soiltemp. 2 cm
(°C) 1 0.0/29.6  0.4/28.8 2.0/12.8| 4.8/12.8] 2.0/15.2 1.2/19.6 2.4/17.6
mean water table below
soil surface (cm) -21.8 -13.7 -3.7 -2.1 -32.1 -10.7 -2.4
min/max water table
below soil surface (cm) | -24/-20 -16/-12 -6/-2 -3/-1 -35/-25 -16/-4 -8/4

Regarding daily means as well as maximum rates of soil respiration the tussock microsite of
the tussock tundra showed by far the highest CO, efflux rates. The site lost an average of
about 3 g C*m™*d"! from soil respiration over the summer season, with maximum rates of up
to 4.1 g C*m™*d"!. These fluxes were made possible by the highest observed mean and
maximum values of ST2, as well as depths to water table of nearly 22 cm as an average.
Although the microsite showed the highest amplitude of ST2 over the observed period, the
amplitude of soil respiration was comparatively lower: minimum CO; efflux rates of
84¢g CO*m™*d™ were still higher than the maxima of most of the other sites. Relative

amplitude of soil respiration was the second lowest observed.
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In contrast to the high efflux rates of the tussock microsite, the depression microsite of the
tussock tundra showed the lowest mean soil respiration rates of all sites, only 25 % of the
value observed at the tussock microsite was reached here. A mean water table as high as
3.7 cm below soil surface limited total CO, effluxes. Also the amplitude of CO; efflux rates
was the second lowest observed, 4.9 g CO,*m™>*d”! and 1.3 g CO*m™*d" were obtained as
maximum and minimum, respectively. This very low minimum efflux rate was observed with
a minimum temperature somewhat higher than at both more exposed microsites of the tussock
tundra, supporting once more the observation that depth to water table is limiting the absolute
level of CO, efflux rates. Relative amplitude of soil respiration was found fairly high,
indicating a considerable potential of the process over the observed parameter range.

The moss hummock microsite of the tussock tundra showed a mean water table position over
the investigated period of nearly 14 cm below soil surface, thus situated about half distance
between the water table positions of the tussock and the depression microsite. Daily means of
soil respiration rates were reflecting this fact fairly accurately. Although amplitude as well as
absolute values of ST2 at the moss hummock microsite were very similar to those of the
tussock microsite, the absolute amplitude of CO, effluxes was lower, but the relative
amplitude higher at the moss hummock microsite.

Although the mean water table in the wet sedge tundra was only 2.1 cm below soil surface,
thus representing for the highest observed among all sites, daily means of soil respiration as
well as minimum and maximum rates were observed considerably higher than at the
depression microsite of the tussock tundra. A difference in the performance of the process of
soil respiration is furthermore underlined by the fact that the mean ST2 was somewhat lower
in the wet sedge tundra, too, as compared to the depression of the tussock tundra. Due to the
fairly stable microclimatic conditions observed at the wet sedge tundra site, the relative
amplitude of soil respiration was not found very high, but still in the same range as the value
of the moss hummock microsite, which represented a much higher amplitude of conditions.
Although the high apex microsite of the polygonal tundra showed the lowest mean ST2 of all
sites investigated, daily means of soil respiration were the highest found in this tundra type.
Nevertheless, they represented for not even half of the value which was reached at the tussock
microsite of the tussock tundra, which showed mean water table about 10 cm higher, but mean
ST2 about twofold the value of the high apex. In contrast to the drier microsites of the tussock
tundra, the high apex showed the lowest amplitude in soil respiration rates of all sites

investigated, although water table position was found lowest at this microsite. Also the
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relative amplitude was the lowest observed. A limiting effect of soil moisture on soil
respiration rates at the high apex of the polygonal tundra has already been mentioned with the
presentation of the data. Since position of water table was not observable over long periods of
the measuring campaign, modelling was first performed with the temperature part of the
model only (for graphs see appendix). A regression coefficient (%) of 0.794
(water+temperature model: 0.865) could be obtained for this model. Moreover, output of both
models, temperature only and waterttemperature, was nearly identical for the overlapping
period. This suggests that depth to water table played only a very restricted role at the high
apex microsite of the polygonal tundra.

The low apex microsite of the polygonal tundra showed daily means of soil respiration of
4.3 g CO*m™*d”!, which was only little less than at the high apex microsite. However, the
difference in mean position of water table between the microsites was as much as about
21 cm. Although the mean water table of the low apex microsite was about comparable to the
moss hummock microsite of the tussock tundra, a considerably higher amplitude of
water table positions at the former site, in particular towards higher positions, led to a very
high amplitude in soil respiration rates, particularly towards low rates, as well. Also the
relative amplitude of CO;, effluxes was the second highest observed, indicating a considerable
potential of the process to changes of water table and soil temperature over the observed
ranges.

The depression microsite of the polygonal tundra showed the highest amplitude of soil
respiration rates observed among all investigated sites, in both absolute and relative terms.
The minimum of only 0.8 g CO*m™”*d"! was observed with a water table position as high as
4 cm above the soil surface. Although the depth to water table never exceeded 8 cm and the
maximum ST2 value was only 17.6°C, the maximum observed CO, efflux rate of
11.3 g CO.*m™*d! was only surpassed by the tussock microsite of the tussock tundra, which
maximum ST2 value was 12°C higher. If referring to mean values, the depression microsite
showed the second lowest daily mean of soil respiration of all sites, which was accompanied
by the second highest mean water table position as well. Although the mean ST2 value of the
depression microsite was the highest observed in the polygonal tundra, the mean daily CO,

efflux rate was the lowest found in this tundra type.
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Analysis of the output of the soil respiration models elucidated that the absolute level of soil
respiration at wet tundra sites was mainly determined by the position of the water table, thus
reducing the role of soil temperature to be a modifier only. On a gradient towards drier
microsites, i.e. position of water table deeper below soil surface, changes in water table
position had a reduced effect and soil temperature determined the CO; efflux fates primarily.
Additionally, the magnitude of respiring soil volume at drier sites provided higher soil
respiration rates aslo with lower soil temperatures. With depths to water table exceeding
30 cm, effect of water table position was negligible and other factors like soil moisture
seemed to control the magnitude of CO, efflux, again exceeding the effect of soil temperature.
Consequently, relative amplitudes of soil respiration, indicating the potential of the process to
change over the observed parameter range, was observed to be highest at sites with a

water table close to the soil surface.

5.2.1.3.2 Performance of the Soil Respiration Process

Additionally to the absolute effect of temperature and water alone it could be seen already
from the description of soil respiration fluxes that the response to both factors differed
between sites. In the next section, the response to soil temperature and water table will be
presented singularly on the basis of the evaluated models. Senseful curvefitting provided,
model outputs are able to show the response to one of the factors only, with the effect of the
other one filtered out. It has to be kept in mind though, that response to any factor still reflects
an integrated picture of the many other parameters characterising a site (see also chapter
3.1.5). Since calculations on the basis of one part of the model with the other part switched-off
will lead to an artificial scale of output values, the following Figures refer to relative fluxes,
with the maximum response of all sites set to 100 %. Furthermore, to avoid parameter values
exceeding the validated range of the models, calculations were performed over the observed

parameter range only.



100 Results

Tussock tundra microsites Wet Sedge Tundra
e D —ws
100 cees TR - - 100
— —
T -
-
80 e 80
-
—_ - —~
x — B
e - S
) 60 5 60
2 2
~ «
o Q
o o
T w0 T
20 / 20
0+ T T T T T T a T T T T T
a 5 10 15 20 25 30 0 5 10 15 20 25 30
temperature (°C) temperature (°C)
Polygonal tundra microsites
1004 | — PD
PL
— PH
80
g
3 60
]
~
o)
3]
T o
20 4
Q 4y T T T T

temperature (°C}

Fig. 4.2.10. Temperature response of the soil respiration process over the observed soil temperature range (2 cm
depth) at each microsite. CO, fluxes from temperature model only, shown as relative soil respiration rates.
Maximum response of all sites was set to 100 %.

5.2.1.3.2.1 Temperature Response

If the temperature response of soil respiration of the different microsites was plotted (Fig.
4.2.10), it became evident that differences between sites occurred referring to both the level of
the response curve (absolute temperature response), as well as the slope of the response curve
at a specific temperature (the relative temperature response). Concerning the level of
temperature response, the tussock microsite of the tussock tundra showed highest soil
respiration values over the whole range of soil temperature observed. The slope of the

response curve appeared linear over the whole temperature range at the tussock microsite,
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which was also valid for the moss hummock microsite. While the level of temperature
response of the moss hummock microsite was found to be only slightly lower than at the
tusscck microsite, the slope of both curves was about identical.

The temperature response of soil respiration of the depression microsite of the tussock tundra
showed about the same slope at low temperatures as both microsites mentioned above, but a
fast increase of efflux rates towards higher temperatures, even over the restricted range of soil
temperature observed. The level of temperature response of the depression microsite,
however, was only 20 to 40 % of the rates the tussock microsite reached with the same
temperatures.

Total CO, efflux rates from wet sedge tundra were even lower than from the depression
microsite of the tussock tundra over a similar range of soil temperature. Increase of soil
respiration rates towards higher temperatures was slower at the wet sedge tundra site, as
compared to the depression microsite of the tussock tundra.

The pattern of the temperature response of soil respiration at the polygonal tundra microsites
appeared more complex than the one observed at the tussock tundra microsites. Like at the dry
site of the tussock tundra, the high apex showed the highest absolute temperature response of
the polygonal tundra microsites. The increase of soil respiration rates with increasing
temperature was about linear, the slope of the response curve was even steeper than observed
at the tussock microsite.

Absolute response of soil respiration to temperature was about 50 % lower at the low apex
microsite of the polygonal tundra as compared to the high apex microsite, but the relative
temperature response increased more effectively towards higher temperatures, as indicated by
the non-linear curve pattern.

The temperature response curve of the depression microsite of the polygonal tundra showed
the strongest increase of relative temperature response towards higher temperatures.
Additionally CO; efflux rates observed with low temperatures were not as pronounced lower
compared with the more dry microsites of the same tundra type, as observed at the depression
of the tussock tundra. Consequently, the absolute temperature response of the depression
microsite at soil temperatures higher than 10°C exceeded the absolute response of the low
apex microsite. While the depression microsite reached only 38 % of the soil respiration rate

of the high apex at 2°C, it attained already 64 % at 15°C
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5.2.1.3.2.2 Relative Temperature Sensitivity

Q0 values are widely accepted to express the temperature sensitivity of a process. Because the
expression used for modelling the temperature response of soil respiration in this study was
not simply exponential but allowed a change of temperature sensitivity with temperature, the
Q19 can change over the temperature range observed. The absolute temperature sensitivity of
the Qo over an observed temperature range is therefore replaced by a relative temperature
sensitivity, depending on temperature, in this study.

In particular because the sensitivity of, the soil respiration process changes over the
temperature range observed, continuous (;y analysis can help to furthermore clarify the
differences in temperature dependence between investigated sites.

The highest O,y values and thus the highest relative sensitivity of soil respiration rate to
temperature was reached by the three wet sites, tussock tundra, depression, wet sedge tundra,
and polygonal tundra, depression (Fig. 4.2.11). Highest Q;¢ occurred at low temperatures at
these sites with maximum values as high as 2.7, 3.4, and 2.5, respectively (Table 4.2.12). The
wet sites also showed the steepest decrease of Q) values with soil temperature over the
observed range. A minimum Qg value of 2.1 was calculated for a soil temperature of 12°C at
the depression microsite of the tussock tundra. The corresponding minimum was 2.6 at the
same temperature in the wet sedge tundra, and 2.0 at a temperature of 16°C at the depression
of the polygonal tundra.

The decrease of Q9 with temperature was negligible at both the tussock- and the moss
hummock microsite of the tussock tundra, which showed a O,y of about 1.2. Similarly, the
high apex and the low apex microsite of the polygonal tundra were close related in terms of
absolute ;¢ values as well as decrease of Q) with temperature: Both sites showed absolute
Qo values around 1.6, which differed only by about 0.2 over a temperature range of about
12°C in the case of the high apex- and by about 0.3 over a temperature range of 17°C in the

case of the low apex microsite.
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A closer look to the Qjy values at the mean soil temperatures at 2 cm depth observed at the
sites during the field campaigns confirmed the pattern described above: The highest relative
temperature sensitivity of soil respiration could be observed at the wet sites with O,y values
around 2.2 (TD and PD) or even 3 (WS).On a gradient towards the more dry sites, O,y values
were declining from 1.6 (PL) to 1.19 (TT).

Table 4.2.12. Q,4-values at mean soil temperature at 2 cm depth, as well as minimum and maximum Q,4-values
observed at each site. Calculated from the approximated temperature models of the different microsites.

O, at mean soil max Qg at soil min Q at soil
temperature 2 cm of site temperature 2 cm of site  temperature 2 cm of

site

TT O 1.19 1.22 1.16
soiltemp. 2 cm (°C) 13 5 26

TH O 1.22 1.27 1.17
soiltemp. 2 cm (°C) 13 3 29

TD O 2.21 2.74 2.06
soiltemp. 2 cm (°C) 9 2 12

WS O 2.99 342 2.58
soiltemp. 2 cm (°C) 8 5 12

PH O 1.53 1.62 1.43
soiltemp. 2 cm (°C) 7 2 15

PL O 1.61 1.74 1.45
sotltemp. 2 cm (°C) 7 1 18

PD O 2.25 2.45 2.04
soiltemp. 2 cm (°C) 8 2 16

5.2.1.3.2.3 Response to Depth to Water Table

The response of soil respiration to depth to water table differed widely between the different
microsites with respect to both relative CO; efflux level, as well as pattern of response at a
given water table position (for whole response curves see also chapter 4.2.1.2). In contrast to
the factor soil temperature, depth to water table observed in the field showed less overlapping
ranges between sites, so that direct comparisons are more restricted.

The steepest response to water table positions close to the soil surface was observed at the wet
sites, tussock tundra, depression, wet sedge tundra, and polygonal tundra, depression (Fig.
4.2.12). Within these first cm of water table changes, the wet sites reached absolute soil
respiration rates of the same level like the drier sites did with water table positions several cm
or even dm deeper. The steepest response of that kind as well as highest efflux rates among
sites already with a water table very close to the soil surface could be observed at the wet

sedge tundra site, an observation made in the laboratory as well. Both dry sites investigated,
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tussock microsite of the tussock tundra as well as high apex microsite of the polygonal tundra
were near to their level of insensitivity to water table changes at the range observed in the
field. On the other hand, the high apex microsite still showed a considerable slope of the
response curve with water table changes as deep as 25 cm to 35 cm. Whereas the moss
hummock microsite of the tussock tundra tended towards insensitivity to water table changes
over the observed range as well, the low apex microsite showed this tendency only at

water table positions near to the lower end of the observed range.
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Fig. 4.2.12. Response of the soil respiration process to depth to water table over the observed water table range at
each site. CO, fluxes from water model only, shown as relative soil respiration rates.
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The slope of the response curve of the low apex microsite at water table positions closer to the
soil surface was as steep or even steeper than the one of the depression microsite of the
polygonal tundra. Due to the occurrence of water table positions as much as 4 cm above the
soil surface at the depression microsite of the polygonal tundra, another feature of soil
respiration response to water table could be seen here: The response curve showed a range of
dropping sensitivity to water table changes towards water table positions above soil surface.
CO; efflux rates were not observed to sharply decrease with the water table increasing above

the soil surface at this microsite.

5.2.1.3.2.4 Identifying Patterns

As pointed out already in the scope of the laboratory experiments, one of the advantages of
modelling is the parameterisation of reaction properties. The approximated parameters can be
correlated with factors determining the reaction on a higher level than the one directly
included in the model. This facilitates at least the delimitation of factor combinations or
patterns responsible for an observed type of response, in the best case it can lead to the
formation of indexes. In this study, the analysis of the approximated model parameters will be
restricted to the correlations to site characteristics as presented in the chapters 4.1.1.2 and
4.1.2.2. To circumnavigate constraints by size of », problems with normal distribution, as well
as scale and character of the compared values, Spearman rank analysis was chosen to
investigate correlations (see chapter 3.1.6).

In Table 4.2.13, the approximated parameters of the temperature and water table models of the

different microsites are presented.

Table 4.2.13. Approximated parameters of equations 5 and 7 for the in situ soil respiration models from the
different microsites.

z Ty a b
tussock tundra, tussock (TT) 33.2 153.7 3.15 3.15
tussock tundra, hummock (TH) 32.0 161.0 4.73 473
tussock tundra, depression (TD) 135.7 219.2 2.93 2.93
wet-sedge tundra (WS) 130.2 227.4 4.75 0.114
polygonal tundra, high apex (PH) 76.1 194.3 4.63 27.38
polygonal tundra, low apex (PL) 48.3 199.0 9.45 0.95
polygonal tundra, depression (PD) 153.3 218.8 2.63 17.79
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The results of the Spearman rank analysis of the approximated model parameters with site
characteristics are shown in Table 4.2.14. To facilitate a clear presentation of the results, the
table was restricted to site characteristics with significant correlations only (for a detailed list
of all site characteristic used in the correlation analysis see also appendix, Table A3).

An additional parameter, which has not been shown in the chapters “characteristics of the
experimental sites” was included in the correlation analysis: On the basis of the daily mean of
soil respiration of every single microsite as calculated from the model runs (see Table 4.2.11,
chapter 4.2.1.3.1) and the vascular plant production (Tables 4.1.3, 4.1.11, 4.1.17), a seasonal
ratio of production per soil respiration was calculated. This ratio served as a rough indicator of

the carbon balance of a site.

Most of the significant correlations observed referred to biological site characteristics. Only
one microclimatic (mean depth to water table) and two soil physical parameters (carbon
content and thickness of the organic layer) correlated significantly with model parameters.

The results of the Spearman rank correlation analysis showed that site characteristics
correlated with “Ty* could be found in the surroundings of production- and biomass
parameters. Furthermore, correlations to carbon content of the uppermost horizon and in
particular the seasonal ratio production/soil respiration suggested, that high “Ty*-values (i.e. a
decrease of @y with temperature) were linked to patterns connected with low decomposition
capability.

The “z*“-parameter (which determines the absolute level of the temperature response of soil
respiration in an unbiased way, i.e. without effect on (;9) showed highest correlation to the
aboveground biomass. Since the correlation was negative, it indicated a stronger increase of
soil respiration with temperature at sites with less biomass. The correlation of “z* to mean
water table position suggested a connection to quantity of respiring soil volume.

Best correlations of the “a“-parameter were obtained with the bacterial biomass of the
uppermost horizon, as well as with biomass and production parameters. This indicated a link
of the level of insensitivity of soil respiration to water table changes more to biological than to
soil physical properties.

The slope of the water table response curve, as determined by the “b“-parameter, showed
significant negative correlations to bacterial biomass parameters and belowground biomass
(The inverse relationship of “b* and soil respiration rates as pointed out above should be

considered).



108 Results

Table 4.2.14. Spearnmnan rank correlations (rg) for the approximated parameters of equation 5 and 7 with site
properties. Only correlations significant at P<0.05 are included, n varies between 5 and 7. * indicates correlation
is significantly different from zero at P<0.05.

Ty z a b
daily gross photosynthesis mosses *1.000
seasonal ratio production / soil respiration *1.000 -0.800
bacterial biomass 0-2 cm *0.900 *-0.900
bacterial biomass 2-5 cm *0.900 -0.800
C-content uppermost horizon *0.900
aboveground biomass *-1.000 0.800
belowground biomass 0.800 0.800 *.1.000
annual production 0.800
mean water table *-0.786 0.714
thickness of organic layer 0.714

5.2.1.3.3 Simulating Scenarios for Soil Respiration

With the background of the different responses of soil respiration presented above, it appears
fruitful to simulate other than the original microclimatic conditions to the different sites. This
will elucidate differences between sites with respect to their soil respiration potential to
changes in soil temperature or / and depth to water table. A total of six scenario calculations
have been calculated with each of the models investigated for microsites additionally to the
one modelled with the original microclimatic conditions of the soils: To show effects of single
factors, soil temperature at 2 cm depth has been both increased and decreased by 4°C, and also
depth to water table has been increased as well as decreased by 4 cm, subsequently.
Additionally, model runs with two reasonable combinations of these parameters, first colder
and wetter conditions (soil temperature at 2 cm depth decreased by 4°C, depth to water table
increased by 4 cm) and second warmer and drier conditions (soil temperature at 2 cm depth
increased by 4°C, depth to water table decreased by 4 cm) were performed. Only the latter two
scenarios were included in the Figures, the results of the other simulations will be summarized
in Table 4.2.15. Figures of two sites are presented here (Figs. 4.2.13 and 4.2.14), each one an
example for a special type of response (for graphs showing simulation scenarios of the other

sites see appendix, Figs. A23-A27).

Figure 4.2.13 shows an example of the response of soil respiration of a dry site (tussock
microsite of the tussock tundra) in three scenarios of water table and soil temperature.
Warmer, drier conditions resulted in higher soil respiration rates than with the original

parameter combination, colder, wetter conditions in lower rates. Because all applied changes
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of water table position still ranged within the relatively insensitive part of the water table
response curve (see also Fig. 4.2.12), the differences between the three CO; efflux graphs
were about stable over the modelled time period, despite differences in water table position. It
was evident, though, that relatively lower soil respiration rates occured during the period of
relatively higher water table positions from 12.-15.8. with all scenarios, although it has to be

considered that soil temperature at 2 cm depth during this period was lower as well.
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Fig. 4.2.13. Soil respiration in tussock tundra, tussock, modelled for three different scenarios: original parameter
values, warmer and conditions (soil temperature 2 cm original +4°C, water table original -4 cm), and cooler
wetter conditions (soil temperature 2 cm original -4°C, water table original +4 cm).
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The response of the depression microsite of the polygonal tundra, an extremely wet site, to
both the dry warm, and wet cold scenario was of different character (Fig. 4.2.14). Because
water table position was at or even above the soil surface during the period around the 6.8. in
all simulated scenarios (and thus in a part of the water table response curve approaching zero
soil respiration), the resulting CO; effluxes of all simulations were very low and differences
between them very small during this period. On 1.8, in contrary, water tables ranging from
12 cm to 4 cm below soil surface between scenarios resulted in maximum differences of soil
respiration rates between scenarios. This range of water table positions is positioned in the
most sensible part of the water table response curve (see also Fig. 4.2.12), so that the effect of
water table can furthermore be amplified by the effect of soil temperature. This resulted in soil

respiration rates higher than observed at the tussock microsite of the tussock tundra.
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Fig. 4.2.14. Soil respiration in polygonal tundra, depression, modelled for three different scenarios: original
parameter values, warmer and conditions (soil temperature 2 cm original +4°C, water table original -4 cm), and
cooler wetter conditions (soil temperature 2 cm original -4°C, water table original +4 cm).
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Table 4.2.15. Modelled daily means of soil respiration of microsites (g C*m™*d™)) as with different scenarios of
soil temperature and water table. Bold figures show percent of scenario calculations from daily soil respiration
rates modelled with the original parameters values. ST2 = soil temperature at 2 cm depth (°C); WT = water table

(cm below soil surface); “+*“ and “-* = “original conditions +* and “original conditions -*, respectively.
ST2and WT  ST2 +4°C, ST2-4°C, WT +4cm, WT -4 cm, ST2 +4°C, ST2 -4°C,
original  WT original  WT original ST2 original ST2 original WT -4 cm WT +4 cm
TT 2.97 3.18 2.76 2.51 3.27 3.51 2.33
100 107 93 85 110 118 79
TH 1.82 1.96 1.67 1.17 2.35 2.54 1.08
100 108 92 64 129 140 59
TD 0.70 0.95 0.50 0.32 1.36 1.83 0.23
100 135 71 46 194 262 33
WS 1.10 1.65 0.69 0.76 1.49 2.23 0.48
100 150 63 69 135 202 43
PH 1.17 1.39 0.98 1.17 1.18 1.39 0.98
100 118 83 100 100 118 83
PL 1.17 1.40 0.97 0.82 1.46 1.74 0.68
100 119 83 70 125 149 58
PD 1.03 1.37 0.75 0.63 1.57 2.09 0.46
100 133 73 61 152 202 44

The total pattern of absolute and relative CO, effluxes as calculated with the simulated
scenarios showed distinctive differences between sites (Table 4.2.15). With respect to changes
in soil temperature, the highest relative potential of soil respiration was observed at the wet
sedge tundra site, the lowest relative potential at the tussock microsite of the tussock tundra.
The general trend was that the drier sites showed a lower relative potential of soil respiration
to increase with temperature than the wet sites, like already seen when presenting the Qy
values. Also when referring to absolute values, the differences between the amounts of CO,
emitted under original and altered conditions by the wet sedge tundra site was about two times
the value attained by the tussock microsite. However, the absolute values of soil respiration
was found to be highest at the tussock microsite of the tussock tundra with all temperature
regimes applied.

With respect to changes of the position of the water table, the highest relative potential of soil
respiration was reached by the depression microsite of the tussock tundra, whereas the high

apex microsite of the polygonal tundra showed the lowest relative potential. The depression
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microsite nearly doubled its CO, efflux rates with a lowering of the water table by 4 cm,
whereas the high apex microsite showed no reaction at all with this scenario.

While the latter four scenarios were elucidating potentials of soil respiration to single effects,
two more ecologically likely scenarios combine changes in both factors to simulate first a
warmer drier season, and second a colder wetter season. By increasing the CO; efflux by the
2.5 fold in warmer drier conditions and reducing them to only a third in colder wetter
conditions, the depression microsite of the tussock tundra showed the highest relative
potential of soil respiration to these scenarios. Contrary, both drier sites, high apex microsite
of the polygonal tundra as well as tussock microsite of the tussock tundra showed the least
relative changes of CO; effluxes with the two combination scenarios (wetter colder, and drier
warmer). It should be considered, however, that even with the distinctive increase of the CO,
efflux rates of the depression microsite with warmer and drier conditions, the absolute amount

of CO; emitted was only half the amount the tussock microsite reached in the same scenario.

If the three tundra systems would be “reassembled* from their microsites again on the basis of
the CO, effluxes presented in Table 4.2.15, no other heterogeneity than the one studied in the
scope of this study provided, the pattern of CO; efflux rates would be modified again for both
heterogeneous tundra types, tussock tundra and polygonal tundra. On the basis of the relative
area shares of 50, 25, 25 % (depression, moss hummock, tussock) in tussock tundra, and of
65, 25, 10 % (depression, low apex, high apex) in polygonal tundra, as observed in the
vicinity of the experimental sites, total CO, effluxes as calculated with the different scenarios
would add to the values presented in Table 4.2.16. The high efflux rates of the dry sites were
widely attenuated when observing tundra types rather than microsites, due to their relatively
low area share. Consequently, absolute values of CO, efflux under original conditions were
within the same range between tundra types, with tussock tundra still accounting for the
maximum value. Relative temperature sensitivity was found highest in wet sedge tundra and
lowest in polygonal tundra. Surprisingly, all tundra types showed uniform relative response to
an increase or decrease of the water table position, but the tussock tundra still revealed highest
absolute CO; efflux rates with both scenarios. The highest relative potential of soil respiration
to change with both the warmer, drier as well as with the colder, wetter scenario could be
found in wet sedge tundra, the lowest in tussock tundra. The polygonal tundra had an
intermediate relative potential with these scenarios. In terms of absolute CO, effluxes, the

tussock tundra showed the highest rates of the three compared tundra types with these
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scenarios again, but the rates of the wet sedge tundra were found to be only slightly below that
level with the warmer and drier scenario. Absolute rates of the polygonal tundra were found to
be lowest among tundra types with the warmer drier scenario, but slightly higher than the rates

of the wet sedge tundra with the colder wetter scenario.

Table 4.2.16. Modelled daily means of soil respiration of “reassembled* tundra types (g C*m™*d!) as with
different scenarios of soil temperature and water table. Bold figures show percent of scenario calculations from
daily soil respiration rates modelled with the original parameters values. ST2 = soil temperature at 2 cm depth
(°C); WT = water table (cm below soil surface); “+“ and “-“ = “original conditions +“ and “original
conditions -, respectively.

ST2 and WI'  ST2 +4°C, ST2-4°C, WT +4cm, WT-4cm, ST2+4°C, ST2-4°C,

original WT original WT original ST2 original ST2 original  WT-4cm  WT +4 cm

tussock tundra 1.55 1.76 1.36 1.08 2.10 2.43 0.97
100 114 88 69 135 156 62

wet sedge tundra 1.10 1.65 0.69 0.76 1.49 223 0.48
100 150 63 69 135 202 43

polygonal tundra 1.08 1.38 0.83 0.73 1.50 1.93 0.57
100 128 77 68 139 179 53
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5.2.2 Studies on CO; Fluxes of the Soil-Moss System Considering Moss
Photosynthesis

As already pointed out in chapters 1, 3.1.2.2, 4.1.1.2, and 4.1.2.2 the soil-moss system formed
a closely interwoven system in the investigated types of tundra. Separating the single parts for
the purpose of CO, flux analysis would lead to artificial results (see chapter 3.1.2.2). Soil
respiration measurements in the majority of field studies in tundra as well as in the previous
chapters of this thesis included respiration of the photosynthetically active part of the moss
layer. When covered by non-transparent chambers for longer periods, the magnitude of moss
respiration may be altered, thus not lrepresenting the real conditions. Also, moss
photosynthesis is able to buffer the CO; efflux of soil respiration to the atmosphere, a process
which is hardly measurable when both systems are seperated from each other. For this
purposes, a transparent chamber was taken to examine for the net system flux of the soil-moss
system (see chapter 3.1.2.2). Respiration of the soil-moss system was addressed by applying
dark conditions for short periods only (i.e. about 15 min.). Moss photosynthesis was
calculated from the difference between the net system flux and the respiration of the soil-moss
system. This way of analysing respiration may offer a more realistic description of CO,
effluxes from the biological “ground system* of tundra.

In the following paragraphs, typical diurnal courses of CO; fluxes of the soil-moss systems are
presented. Microsites chosen were the same as for the soil respiration experiments presented
in the previous chapters. Subplots for the transparent chamber were situated as close as
possible to the sub plots of the soil respiration chambers, to provide comparable conditions,
and will also refer to the same microsite names and -descriptions. However, the two most dry
microsites (tussock tundra, tussock, and polygonal tundra, high apex) had to be excluded for
technical constraints (see chapter 3.1.2.2). In the case of the tussock microsite, it would
anyway not have been possible to exclude vascular plants from the chamber, since mosses
were hardly present between the shoots of the Eriophorum vaginatum cover.

To avoid confusion, the measured respiration will be referred to as “soil and moss respiration®
from here on. It should be considered, however, that apart from the fact that the moss receives
radiation nearly continuously during the soil-moss system experiments, there was no structural
difference to the set-up as performed in the soil respiration experiments.

In the following paragraphs gross moss photosynthesis, soil- and moss respiration and net

system flux of the soil-moss system will be abbreviated GMP, SMR, and NSF, respectively.
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5.2.2.1 Experiments in the Field

5.2.2.1.1 Lake Labaz

Tussock tundra, moss hummock (TH)

The sub plot of the moss hummock microsite for measurements of the soil-moss system was
covered by the moss species Hylocomium splendens (90 %) and Polytrichum strictum (10 %),
representing the two most dominant mosses at this microsite in their representative shares (see
chapter 4.1.1.2.1.1). Depth to water table was 10 cm from soil surface over the day presented
below (Fig. 4.2.15). The water content of the photosynthetically active parts of the mosses
(0-1 cm) as analysed from samples near to the chamber was 88.6 % FW (775 % DW).



116 Results

600 + + gross moss photosynthesis —
—— net system flux

500 —@- soil and moss respiration |

400 s =
300 o’ L
200 - ., . - -

100 . - -

-100 ~ -~ o
-200 \'\’\"\. / ¢ -

-400 ./ .\ 0). =
-500—_ .\ ’/ L

-600 - ._.'/ L

L e S 1 B B S Sy St S S S B S B S S S S S B B S S e

—— PPFD moss level

.\TX,

CO, flmm (mg CO,*m?h™)

1000

@
=3
=1

FN-)
o o
S S

PR WY ST SRS S

LI S S S e

PPFD (umol*m?s™)

R
S
S

o

NN
S G

10

temperature (°C)
>
T T

U S T BRI N S A1

18.00 0.00 6.00 12.00 18.00 0.00

17.-18.8.1995, local time

Fig. 4.2.15. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diumnal experiment from 17.-18.8.1995 in tussock tundra, moss hummock (TH).
Depth to water table was -10 cm over the experimental period. Carbon losses of the soil-moss system are shown
as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.17. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during the diumnal experiment from 17.-18.8.1995 in
tussock tundra, moss hummock (TH). Depth to water table was -10 cm over the experimental period. The daily
total of PPFD at the moss level was 20.68 mol*m™*d”",

soil respiration net system flux gross moss ~ PPFD at moss  moss temp. soiltemp.
photosynthesis level 2cm

(mg COm° M) (mg COm*!)  (mg COMm?*!)  (umol*m™*s™) (°C) (°C)

mean -429.6 -182.5 185.2 239 1.7 13.5
max -249.9 21.3 471.6 0 224 20.4
min -626.9 -372.8 -4.0 1038 4.3 5.2

The 36 h experiment presented in Fig. 4.2.15 shows pronounced differences of microclimatic
parameters controlling the CO; fluxes between day and night. Maximum PPFD values at moss
level over the day reached more than 1000 pmol*m™*s”, indicating extensive periods of
irradiance (Table 4.2.17). Consequently, the moss temperatures were comparatively high with
maximum values exceeding 22°C. During the about 4 h of darkness during night, moss
temperatures around 5°C were observed. Soil temperature at 2 cm depth could not be shown
for this experiment due to technical problems.

As a consequence of the ambient conditions, the three types of CO; fluxes presented showed
pronounced diurnal courses as well, but maxima and minima were distinctively offset against
each other. GMP followed the course of both PPFD and moss temperature, achieving rates as
high as 480 mg CO,*m™*h ™' during afternoon. The GMP curve did not show a further increase
with an increase of PPFD above a level of about 300-400 pmol*m™?*s™. Over these periods
the GMP rates were observed to be determined by the course of the moss temperature instead.
Considerable assimilation rates during late evening and early morning furthermore indicates a
high efficiency of the photosynthetic system aiready at low light levels.

The comparatively high level of soil respiration was made possible by the low water table
position of 10 cm below soil surface. Maxima and minima of SMR was distinctively offset to
the course of GMP. Following the course of soil temperature, maximum values of about
630 mg CO*m™>*h"' were achieved during late afternoon, minimum values of about
250 mg CO*m>*h™! during early morning.

The NSFE curve of the soil-moss system resulting from both processes shows that the soil-
moss system lost CO; to the atmosphere during most of the day. Maximum losses of about
370 mg CO*m™*h! were attained during late evening, when comparatively high soil
temperature resulted in considerable respiration rates and light was already ceasing. Lowest
values of NSF even with a small trend towards sink function of the soil-moss system could be
perceived during early morning hours, when rising irradiance already permitted considerable

GMP, but soil respiration was low due to low soil temperatures.
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Fig. 4.2.16. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment from 12.-13.8.1995 in tussock tundra, depression (TD). Depth
to water table was -1 cm over the experimental period. Carbon losses of the soil-moss system are shown as
negative fluxes, carbon gains as positive fluxes.
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Table 4.2.18. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during a dinrnal experiment from 12.-13.8.1995 in tussock
tundra, depression (TD). Depth to water table was -1 cm over the experimental period. The daily total of PPFD at
the moss level was 7.39 mol*m™2*d™.

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
photosynthesis mosslevel 2cem

(mg COPm*h")  (mg COPm*!)  (mg COMm™*h!)  (umol*m™*s™) °C) (°C)

mean -75.6 -36.8 443 86 11.5 9.8
max -55.6 21.9 95.1 449 15.0 10.4
min -109.2 -117.5 -9.8 0 9.5 9.2

Tussock Tundra, depression (TD)

The moss vegetation of the sub plot for measurements on the soil-moss system at the
depression microsite consisted of Drepanocladus uncinatus (80 %), Polytrichum strictum
(10 %), and Aulacomnium turgidum (10 %), representing a typical community of this
microsite (see chapter 4.1.1.2.1.1). The water content of the uppermost cm of the mosses as
analysed from samples taken right beside the chamber was 90.3 % FW (934 % DW).
Water table position was found 1 em below soil surface on the day of the experiment, which
was about the highest position of water table observed at this microsite.

The day showed overcast conditions (daily total of PPFD at 2 m was 6.8 mol*m™2*d") and
consequently the diurnal amplitude of the microclimatic conditions was less pronounced than
at the experiment at the moss hummock. Maximum PPFD wvalues did not exceed
450 pmol*m™*s™ (Fig. 4.2.16, Table 4.2.18). Darkness lasted for about 4-5 h during night.
The moss temperatures ranged from 9.5°C to 15°C over the day. As a result of the high
water table position, moss- and soil temperatures at 2 cm depth did not show a pronounced
diurnal course and were comparatively low. While the minima of both temperatures were
about identical during the second half of the night, the maximum temperature of the moss was
found to be about 5°C higher than soil temperature at 2 cm depth during early afternoon.

SMR rates were small, mainly due to the high water table at this microsite. Because of the low
amplitude of soil temperature they were on the same level over the day. Maximum values of
110 mg CO*m™*h” were perceived during late evening, minimum values of about
55 mg CO*m™*h™" during early afternoon.

The assimilation rates of the moss community at this microsite were comparatively low at the
actual conditions. A maximum rate of about 100 mg CO,*m?*h™ was observed, over night
photosynthesis ceased for several hours. Since the GMP curve still reflected changes of the
PPFED curve until about 300 pmol*m™*s™', but not above, this suggests a light saturation level
of the moss community around this level at temperatures between 10°C and 15°C.

The course of the NSF curve of the soil-moss system followed more or less the zero-line
between net system loss and net system gain over most sunlit periods of the day, suggesting
that the system was about balanced over this time. However, over wide periods of the night
zero or near to zero GMP rates resulted in a sharp decrease of NSF rates towards the values of
SMR.
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Fig. 4.2.17. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment from 3.-4.8.1995 in wet sedge tundra (WS). Depth to
water table was -1 cm over the experimental period. Carbon losses of the soil-moss system are shown as negative
fluxes, carbon gains as positive fluxes.
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Table 4.2.19. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during a diurnal experiment from 3.-4.8.1995 in wet sedge
tundra (WS). Depth to water table was -1 cm over the experimental period. The daily total of PPFD at the moss
level was 3.4 mol*m*d".

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
photosynthesis mosslevel 2cm
(mg CO*m*)  (mg COm**h")  (mg COFm**h!)  (umol*m™*s™) (°0) (°C)

mean -81.1 -46.6 342 394 8.1 7.6
max -35.9 -5.3 79.3 185 11.3 9.6
min -123.2 -107.9 0.8 2 6.1 6

Wet sedge tundra (WS)

The sub plot of the transparent chamber in the wet sedge tundra was covered by mosses of the
species Drepanocladus uncinatus only. As at the depression microsite of the tussock tundra,
the water table was situated 1 cm below the soil surface on the day of the experiment,
representing a comparatively high position for this type of tundra. The water content of
directly neighboured moss samples was 94 % FW (1530 % DW). Some generator malfunction
in the afternoon of the day resulted in a loss of data for about 2 h.

Compared to the day of experiment at the depression microsite of the tussock tundra, this day
was sunny (total daily PPFD in 2 m was 26.4 mol*m*d"). The irradiance observed at the
moss level, however, was even more unfavourable for the mosses than at the one presented
above, due to the high vascular plant cover in the wet sedge tundra (Fig. 4.2.17): Total daily
PPFD at the moss level was 3.4 mol*m™?*d". Maximum values of only 185 pmol*m™2*s!
were observed over the day, several hours of darkness occured during night (Table. 4.2.19).
Soil temperatures at 2 cm depth were always below 10°C and showed a very attenuated
diurnal course with an amplitude of not even 4°C. Maximum moss temperatures were only
slightly higher, minima were the same as at 2 cm depth. The phase shift observed between
both curves was about 5 h.

Maximum SMR rates of about 120 mg CO;*m™*h"! were perceived during early afternoon,
but decreased to near 40 mg CO*m™**h”! by the middle of the second night. The diurnal
course was more pronounced than at the depression microsite of the tussock tundra, despite
the even colder temperature regime observed in wet sedge tundra and the same position of
water table.

GMP increased to rates of about 80 mg CO,*m™*h™ over the day, which was only little less
than the maximum value obtained at the depression microsite of the tussock tundra with
considerably higher PPFD values. This indicates comparatively low light saturation levels of
the investigated moss species. Assimilation rates of the mosses at low irradiance during night
indicates a sensitive photosythetic response to light. Even at an irradiance level around
15 pmol*m™?*s™, a small difference in flux rates could be observed when the chamber was
shaded.

The NSF of the soil-moss system was negative over the whole day investigated. Net system
fluxes were identical with fluxes of soil respiration during the periods of the night when
photosynthetic rates were close to zero. During these times, the soil-moss system lost CO;
with rates of about 100 mg COz*m'z*h'l. Minimum NSF of close below zero were obtained
during early morning hours.
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5.2.2.1.2 Lake Levinson-Lessing

Polygonal tundra, depression (PD)

Two experiments at the depression microsite of the polygonal tundra (performed at the same
sub plot) will serve to clarify the mode of operation of different water table positions on the
soil-moss system.
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Fig. 4.2.18. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment from 31.7.-1.8.1996 (experiment 1) in polygonal tundra,
depression (PD). Depth to water table was -7 cm over the experimental period. Carbon losses of the soil-moss
system are shown as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.20. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during a diurnal experiment from 31.7.-1.8.1996
(experiment 1) in polygonal tundra, depression (PD). Depth to water table was -7 cm over the experimental
period. The daily total of PPFD at the moss level was 25.29 mol*m™>*d ™.

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
photosynthesis mosslevel 2cm

(mg CO*m?*h) (mg CO, 1 *h") (mg COm™*) (,umol*m'z*s’]) (°C) (°C)

mean -270.9 122.3 132.7 293 13.5 11.9
max -147.7 32.0 241.7 1179 224 17.6
min -364.1 -231.5 22.3 3 5.5 6.0

Experiment 1 (31.7.-1.8.1996)

The sub plot for experiments on the soil-moss system at the depression of the polygonal
tundra was covered by the moss species Drepanocladus revolvens (80 %) and Calliergon
sarmentosum (20 %). The moss water content of comparable moss samples near to the
chamber was 927 % DW. On the day of this experiment, the water table was as much as 7 cm
below soil surface, which was the lowest water table observed at this site.

The day provided fair weather, clouds were rare (daily total of PPFD at 2m was
28.3 mol*m™*d™"). Since the vascular plant cover of the polygonal tundra was much more
scattered than that in the wet sedge tundra, the moss layer was shaded only for short periods,
the daily total of PPFD at the moss level was 25.29 mol*m™*d"!. Maximum PPFD values
ranged near to 1200 pmol*m*s™', and darkness was not reached during night (Fig. 4.2.18 and
Table 4.2.20).

Moss temperature as well as soil temperature at 2 cm depth showed a pronounced diurnal
course with maximum values of 22.4°C and 17.6°C, respectively. A phase shift between the
two curves was hardly observable. As at the other sites, differences between both temperatures
became negligible during night.

As a consequence of the low water table and large temperature amplitude, SMR revealed a
conspicuous diurnal course, showing maximum values of more than 360 mg CO,*m ™ **h’!
during late afternoon. Minimum SMR of about 150 mg CO*m™*h™ could be observed
around midnight.

Although PPFD values were comparatively low during night, GMP was apparent over the
whole diurnal cycle. Maximum GMP rates of about 250 mg CO*m™*h™ occurred during the
middle of the day. Changes of irradiance were reflected by the GMP curve only up to a level
of about 200 pmol*m2*s!, suggesting a light saturation level of photosynthesis of the moss
community around this value. Further increase of assimilation rate over the day followed the
moss temperature curve.

The resulting NSF curve revealed the soil-moss system of the depression of the polygonal
tundra to be a net source of CO, with the conditions described above. Due to the stroag
increase of soil respiration already early in the morning (due to low water table and
homogeneity of soil temperature over the profile), the early morning trend of the NSF towards
zero was sharp and short only. For the rest of the day, the soil-moss system lost CO; to the
atmosphere with rates between 100 and 200 mg CO2*m™*h™".
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Fig. 4.2.19. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment on 3.8.1996 (experiment 2) in polygonal tundra, depression
(PD). Depth to water table was -3 cm over the experimental period. Carbon losses of the soil-moss system are
shown as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.21. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during a diumnal experiment on 3.8.1996 (experiment 2) in
polygonal tundra, depression (PD). Depth to water table was -3 cm over the experimental period. The daily total
of PPED at the moss level was 8.91 mol*m™2*d’",

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
photosynthesis mosslevel 2cm

(mg COMm *I")  (mg COm™ ") (mg COm™*h!)  (umol*m™*s™) (°C) °C)

mean -163.1 -64.9 97.4 103 10.9 9.7
max -146.9 2.2 173.5 322 12.5 10.8
min -177.1 144.3 20.3 8 7.9 8

Experiment 2 (3.8.1996)

Conditions during the day of the second experiment at the same microsite differed from those
presented above: The day was overcast (daily total of PPFD at 2 m was 9.7 mol*m?*d!) and
the water table was situated 3 cm below soil surface. Water content of moss samples close to
the chamber was determined to 1054 % DW.

Daily total of PPFD at the moss level was as low as 8.9 mol*m?*d"!, maximum PPED values
did hardly exceed 300 pmol*m™*s”. As on the day of experiment 1, no complete darkness
occured during night (Fig. 4.2.19). Consequently, the diurnal courses of both soil temperature
at 2 cm depth and moss temperature was widely attenuated, showing an amplitude of about 3-
4.5°C only (Table 4.2.21). Maximum soil temperatures at 2 cm depth ranged some 2°C below
the corresponding moss temperature, but differences between both temperatures were minor
during night.

Nearly no diurnal course of SMR could be observed, the total amplitude was only
30 mg CO*m™**h™'. Maximum rates ranged up to 180 mg CO,*m*h™! only.

GMP did not cease over night, but still showed rates of about 20 mg CO*m™*h with
minimum PPFD values as low as 10 umol*m'z*s'l. Following a pronounced increase of
assimilation rates with increasing irradiance in the morning, GMP did not show a considerable
further intensification over the day. Consequently, maximum GMP rates ranged around
170 mg CO.*m™*h ™! only.

NSF of the soil-moss system was observed to be negative for the whole day, but was close to
zero during daylight. The soil-moss system lost CO, to the atmosphere with maximum
absolute values of about 150 mg CO.*m™*h™! during night. Due to the evenness of SMR over

the day, the NSF curve reflected the course of GMP.
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Polygonal tundra, low apex (PL)
Like with the depression microsite of the polygonal tundra, two experiments from the low
apex microsite (performed at the same sub plot) will serve to show the effect of different

water table positions on the soil-moss system.
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Fig. 4.2.20. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment from 25.-26.7.1996 (experiment 1) in polygonal tundra, low
apex (PL). Depth to water table was -8 cm over the experimental period. Carbon losses of the soil-moss system
are shown as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.22. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2cm depth during a diurnal experiment from 25.-26.7.1996
(experiment 1) in polygonal tundra, low apex (PL). Depth to water table was -8 cm over the experimental
period. The daily total of PPFD at the moss level was 34,96 mol*m*d ™,

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
Dphotosynthesis mossievel 2cm

(mg COFm*Y)  (mg CO*m ) (mg CO ¥ (ymol*m'z*s") (°C) (°C)

mean -241.5 -28.3 209.4 405 nd 12.2
mnax -150.2 66.1 391.0 33 nd 18.0
min -361.1 -157.8 53.3 1153 nd 4.4

Experiment 1 (25.-26.7.1996)

The dominating moss species at the low apex microsite was Tomentypnum nitens, which was
also covering the chamber sub plot by 100 %. The water content of the moss, as analysed from
samples right beside the chamber was 481% DW. Depth to water table was 8§ cm on this
particular day.

Fair weather with only single clouds in combination with the low vascular plant cover at the
low apex microsite provided high irradiance at moss level for most of the day (Fig. 4.2.20).
The daily total of PPFD at moss level was 34.96 mol*m™*d"!, maximum values ranged above
1100 pmol*m™*s™, and the observed minimum during night was still about 30 pmol*m2*s™!
(Table 4.2.22).

Due to a broken moss temperature sensor, only soil temperature at 2 cm depth can be
presented for this day: The diurnal course of the curve was slightly offset to the radiation
curve and showed maximum values of 18°C during early afternoon. During night the soil
temperature at 2 cm depth decreased to about 4°C.

Low water table and high amplitude of soil temperature resulted in a clear diurnal course of
SMR. Lowest absolute values of 150 mg COy*m™*h" could be observed during early
morning, largest respiration rates as high as 360 mg CO*m™*h™ occurred in the afternoon.
Clearly revealing the response of the moss to PPFD and temperature, the GMP curve showed
maximum assimilation rates of near to 400 mg CO,*m™*h™" during early afternoon. Minimum
photosynthetic rates of about 50 pmol*m™2*s™ at irradiances as low as 30 pmol*m™*s™ were
observed during night.

The NSF of the soil-moss system was positive from early morning to the afternoon. The
increase of the NSF in the early morning was made possible by the time lag betwein the
increase of GMP rates and absolute SMR rates. Due to the furthermore intensification of GMP
over the day, the NSF was held positive also with higher SMR rates for several hours. When
both GMP and SMR reached maximum absolute values during afternoon, the soil-moss
system was still about balanced in terms of CO, fluxes. Due to the considerable GMP rates
during night, the NSF curve was at no time matching the SMR curve and thus showed a

minimum of about 160 mg CO,*m™*h™" only.
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Fig. 4.2.21. CO,-fluxes (net system flux, soil respiration, gross photosynthesis) and microclimatic conditions of
the soil-moss system during a diurnal experiment from 10.-11.8.1996 (experiment 2) in polygonal tundra, low
apex (PL). Depth to water table was -4 cm over the experimental period. Carbon losses of the soil-moss system
are shown as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.23. Amplitudes and means of soil respiration, net soil-moss system flux, gross moss photosynthesis,
moss temperature, and soil temperature at 2 cm depth during a diurnal experiment from 10.-11.8,1996
(experiment 2) in polygonal tundra, low apex (PL). Depth to water table was -4 cm over the experimental
period. The daily total of PPFD at the moss level was 22.23 mol*m™2*d".

soil respiration net system flux gross moss PPFD  moss temp. soiltemp.
photosynthesis mosslevel 2cm

(mg CO, ) (mg CO*m™ %) (mg CO*m?*h) (unzol*n1‘2*s'1) (°C) (°C)

mean -199.9 -42.5 148.3 257 8.2 6.2
max -156.6 48.5 2759 1114 13.4 10.0
min -251.5 -160.8 13.6 7 5.5 3.6

Experiment 2 (10.-11.8.1996)

The second experiment at the same sub plot of the low apex microsite of the polygonal tundra
was performed on an overcast day with water table position only 4 cm below the soil surface.
The water content of the mosses as analysed from samples close to the chamber was
521% DW. In contrast to the experiments presented above, this experiment was performed
from early to late afternoon, instead from midnight to midnight (Fig. 4.2.21)

" during

Irradiance levels on the day presented were generally around 500 pmol*m™*s
daylight, only some cloudholes provided maximum values up to 1100 pmol*m2*s™. Lowest
PPFD values during night decreased below 10 pmol*m™?*s™. The daily total of PPFD at the
moss level was 22.23 mol*m™*d™ (Table 4.2.23).

Moss temperature and soil temperature showed a comparably attenuated diurnal course and
showed no phase shift to each other. Minimum temperatures during night differed by about
2°C, whereas maximum temperatures over the day showed a difference of 3.4°C.

SMR values consequently showed an amplitude of about 100 mg CO*m™*h™, only half of
what has been observed in experiment 1. The maximum absolute rate of SMR
(250 mg CO*m™*h™!) was as well about 100 mg CO,*m™*h™ lower than in experiment 1.
GMP showed a stable level of about 250 mg CO*m™*h™" over daylight periods, not observed
to be extensively modified by changes in irradiance level or temperature. GMP decreased to
very low values over night, when PPFD values hardly reached 10 pmol*m™2*g™!,

As a consequence of lower SMR rates than observed in experiment 1, but stable considerable
GMP rates during daylight, NSF was positive again from early morning to late afternoon.
Because of SMR lacking a diurnal course during the days observed, the NSF curve reflected
the GMP curve fairly well. During the periods of the night with PPFD values close to zero,
minimum NSF values of 160 mg COz*m’z*h’1 closely matched SMR rates.
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5.2.2.2 Moss Photosynthetic Performance

Already the diurnal courses of GMP of the different moss communities investigated suggested
differences in photosynthetic response in particular to PPFD. Since the temperature range
observed during apparent GMP was quite restricted in most cases, the photosynthesis models
evaluated in the scope of balancing were rather incomplete in terms of temperature response.
Therefore, only the light response curves are presented in Fig. 4.2.22 and the temperature
range observed will be noted below each graph (for graphs of the evaluated photosynthesis
models see appendix, Fig. A28). The line inserted represents the light regression of all GMP
values included, not considering a modification by temperature.

All moss communities investigated showed high photosynthetic efficiency, i.e. a steep
increase of gross photosynthesis with light. The moss species from the wet microsites at Lake
Labaz, tussock tundra, depression, and wet sedge tundra, furthermore revealed a particular
low light saturation level in the observed temperature range. Graphs suggest that
Drepanocladus uncinatus and the connected species of the wet sedge tundra achieved light
saturation already at about 100 pmol*m™*s! at temperatures around 10°C. Irradiance level in
wet sedge tundra was not observed to increase above 300 pmol*m™*s!, whereas values up to
800 pmol*m*s™ were attained at the depression microsite of the tussock tundra occasionally.
Maximum photosynthetic rate of both moss communities was below 100 mg CO.*m™?*h™ at
the temperatures observed.

The moss community of the moss hummock of the tussock tundra, consisting of Hylocomium
splendens and Polytrichum strictum, showed the highest maximum photosynthetic rates of up
to 470 mg CO*m™*h™". A steep increase of the response curve at low PPED levels indicating
high photosynthetic efficiency was followed by a light saturation level at about
400 pmol*m'z*s’l. The broad temperature range of the moss hummock surface during daylight
resulted in a scattering of data at light levels above 150 pmol*m*s™.

Tomentypnum nitens, the dominating moss at the low apex microsite of the polygonal tundra,

! at temperatures between

achieved light saturation at a PPFD level around 250 pmol*m?*s”
6°C and 13°C. Since the graph suggests a maximum photosynthetic rate around
270 mg CO.*m™2*h”’, the initial slope of the response curve was steep, indicating high
photosynthetic efficiency. Considerable scattering of data at high light levels already within a
comparatively narrow temperature range suggests high temperature response of maximum
photosynthetic rates. '

In contrast, the much broader temperature range observed at the depression microsite of the

polygonal tundra resulted in considerably less scattering of gross photosynthetic rates around
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the maximum photosynthetic rate of about 220 mg CO,*m™*h™!. The moss community at this
site, consisting of Drepanocladus revolvens and Calliergon sarmentosum achieved light
saturation level at about 350 pmol*m™*s™!. A less steep increase of the response curve than

observed at the other sites indicated a smaller photosynthetic efficiency.
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Fig. 4.2.22. Light dependence of gross moss photosynthesis (GP mosses) of the different moss communities.
Measured values and regression line, fitted with equation 9. The moss temperature range of each experiment is
noted below the graphs.
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5.2.2.3 Balancing the CO; Fluxes of the Soil-Moss System

The CO; fluxes of the soil-moss system of the different microsites were balanced over the day
on the basis of the experiments presented above. Therefore, gross moss photosynthesis of each
moss community was modelled as a function of PPFD and moss temperature, in order to
receive best interpolation of the photosynthetic curves. Gaps in the NSF curve were closed by
adding the values of SMR to the modelled GMP values.

In Table 4.2.24, the absolute daily rates of SMR, GMP, NSF, and the relative reduction of
SMR by GMP is presented for each microsite investigated in combination with the specific
microclimatic conditions. Two diurnal experiments with different microclimatic conditions
were included in two cases.

All soil-moss systems investigated showed a net loss of CO, over the observed periods, but
some nearly reached the line of balancing in terms of CO, fluxes. The highest relative
reduction of SMR by GMP was attained at the low apex microsite of the polygonal tundra
(PL). The soil-moss system was about balanced in terms of CO, fluxes on the day of
experiment 1 (25.7.1995). Highest irradiance sum at moss level of all experiments performed,
and high moss temperatures (as indicated by the comparably high ST2; the moss temperature
sensor was broken on that day) caused the highest GMP rate observed. Water table was
higher, ST2 lower and consequently SMR rates were lower on the day of the second
experiment at the low apex. The relative reduction of SMR by GMP ranked close behind the
value attained during the first experiment. Lower moss temperatures and irradiance level
resulted in comparatively reduced GMP rates as well.

The lowest relative reduction of SMR by GMP was achieved by the wet sedge tundra site
(WS). Although SMR was particular low due to high water table and low ST2, lowest moss
temperatures and irradiance sum of all experiments performed resulted in the lowest GMP
observed.

The relative reduction of SMR by GMP at the depression of the tussock tundra (TD) was two
times the value observed at the wet sedge tundra site, although total rates of SMR were about
the same. The reason of the comparatively higher reduction value at the depression microsite
could be found in the about 40 % higher GMP rates observed here.

The second lowest relative reduction of SMR by GMP of only 51 % could be observed at the
hummock microsite of the tussock tundra (TH), although on the day of the experiment the
second highest GMP value of all sites could be observed here. Highest absolute SMR rates of
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all sites were made possible by highest ST2 values and lowest water table positions observed
during experiments. The absolute value of NSF was by far lowest at the hummock microsite:
Even though modified by the second highest GMP value observed, this site showed absolute
net effluxes of a magnitude, most other sites did not achieve by SMR alone.

The relative reduction of SMR by GMP differed only by 10 % between the two experiments at
the depression microsite of the polygonal tundra (PD), although the absolute NSF of
experiment 1 was twice as high as of experiment 2. The 4 cm higher water table, as well as
considerably lower moss- and soil temperatures and lower irradiance levels on the day of
experiment 2 led to both particularly lower SMR and GMP rates in the case of the second
experiment. Since the decrease was slightly biased towards SMR, both fluxes added to a

comparatively more balanced NSF in the case of experiment 2.

Table 4.2.24. Soil and moss respiration {s + m respiration), gross moss photosynthesis and net soil-moss system
flux (g C*m™*d"' and mg CO,*m™*d™"), percent reduction of soil respiration by gross moss photosynthesis, and
microclimatic conditions for the diurnal experiments at different microsites.

TH D WS PL PL PD PD
@ 2 ) 2
s + m respiration
(mg CO*m™*d™") 9439 -1888 -1961 -5681 -4648 -6264 -3961
s + m respiration
(g C*m**d™) 2.576 -0.515 -0.535 -1.55 -1.268 -1.709 -1.065
gross moss phot.
(mg CO*m™*d™") 4798 1205 694 5611 4068 3345 2494
gross moss phot.
(g C*m™**d™) 1.309 0.329 0.189 1.531 1115 0.913 0.681
net soil-moss
system flux
(mg CO*m™*d™ -4641 -682 -1267 70 -561 -2919 -1407
net soil-moss
system flux
(g C*m2*dh -1.267 -0.186 -0.346 -0.019 -0.153 -0.797 -0.384
reduction of s +m
respiration by
gross moss phot.
(%) 50.8 63.9 35.4 98.8 87.9 53.4 63.9
mean moss temp.
(") 11.7 11.5 8.1 - 8.2 13.5 10.9
mean soiltemp.
2 ¢m (°C) 13.5 9.8 7.6 12.2 6.2 11.9 9.7
water table below
soil surface( cm) -10 -1 -1 -8 -4 -7 -3
daily total PPFD
~(mol*m™*d ™ 20.68 7.40 3.40 34.96 22.23 25.29 8.91
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5.2.3 Studies on CO; Fluxes of the Whole System

Two diurnal experiments on the CO; fluxes of the whole system (i.e. soil, moss, and vascular
plants) of the depression of the polygonal tundra (PD) microsite will be presented in this
paragraph. Their main purpose was to act as a framework for “assembling™ the contributions
of the subsystems to the total CO, flux, through modelling of soil respiration and moss
photosynthesis (see chapter 4.2.4). A sub plot with a representative vascular plant cover and
moss cover (see Table 4.1.16) in close vicinity of both soil respiration chamber and soil-moss

chamber was chosen for the experiments.

Experiment 1 (28.-29.7.1996)

The day of the experiment was cool and cloudy, with some sunny periods during afternoon.
Mean air temperature at 2 m was about 10°C, mean soil temperature at 2 cm depth was 7.5°C
(Table 4.2.25). The fairly attenuated diurnal course of these temperatures went nearly parallel
and maxima were attained during late afternoon. Irradiance measured at 2 m height was
characterized by values around 400 ;Lmol*m'z*s’I in the morning and values around
700 pmol*m™*s™! in the afternoon (Fig. 4.2.23). Minimum PPFD values hardly decreased
below 20 pmol*m™?*s™ during night. The daily total of PPFD at 2 m was 23.3 mol*m2*d™,
Depth to water table was 4 cm.

Net system flux of the whole system was positive for about 19 of 24 hours. A steep increase
and decrease occurred during early morning and late evening, respectively. NSF reached
highest values of nearly 500 mg CO*m™*h™" during afternoon, parallel with high irradiances.
During night the curve decreased to negative flux rates, but never matched the curve of system
respiration

The diurnal amplitude of the system respiration was fairly attenuated. Maximum absolute
efflux rates of 230 mg COz*m'z*h'l occurred during late afternoon, minimum rates of about

140 mg CO2*m2*h” during early morning,
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Table 4.2.25. Amplitudes and means of net system flux, system respiration, PPFD, air temperature at 2 m, and
soil temperature at 2 cm depth during a diurnal experiment from 28-29.7.1996 (experiment 1) in the polygonal
tundra, depression (PD). Depth to water table was -4 cm over the experimental period. The daily total of PPFD at
2 m was 23.3 mol*m2*d"",

net system flux ~ system respiration PPFD air temperature soil temperature

(mg CO*m™*h)  (mg COm™n!)  (umol*m™*s™) 2m (°C) 2cm (°C)

mean 222.3 -184.9 259 10.1 7.5
max 472.9 -136.3 805 13.0 10.4
min -115.8 -229.7 16 7.6 4.8
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Fig. 4.2.23. CO,-fluxes (net system flux, system respiration) and microclimatic conditions of the “whole system™
of polygonal tundra, depression (PD), during a diurnal experiment from 28-29.7.1996 (experiment 1). Depth to
water table was -4 cm over the experimental period. Carbon losses of the system are shown as negative fluxes,
carbon gains as positive fluxes.
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Fig. 4.2.24. CO,-fluxes (net system flux, system respiration) and microclimatic conditions of the whole system of
polygonal tundra, depression (PD), during a diurnal experiment on 9.-10.8.1996 (experiment 2). Depth to
water table was -1 cm. Carbon losses of the system are shown as negative fluxes, carbon gains as positive fluxes.
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Table 4.2.26. amplitudes and means of net system flux, system respiration, PPFD, air temperature at 2 m, and
soil temperature at 2 cm depth during a diurnal experiment on 9.-10.8.1996 (experiment 2) in the polygonal
tundra, depression (PD). Depth to water table was -1 cm over the experimental period. The daily total of PPFD at
2 m was 20.1 mol*m*d™.

net system flux system respiration PPFD air temperature  soil temperature

(mg COPm™)  (mg COm ) (umol*m™*s7!) 2m (°C) 2em (°C)

mean 2523 -131.2 237 7.0 8.5
max 630.6 -101.3 755 10.9 11.6
mnin -72.1 -159.6 3 4.6 5.6

Experiment 2 (9.-10.8.1996)

The main difference between experiment 1 and 2 was that the position of the water table was
4 cm and 1 cm below soil surface, respectively. Although air temperature at 2 m was about
3°C colder on the day of experiment 2, soil temperature at 2 cm depth was found about 1°C
higher on this day (Table 4.2.26). Soil temperature at 2 cm depth showed higher values than
did air temperature at 2 m over most of the day (Fig. 4.2.24). While air temperature at 2 m
reached its maximum already early in the morning, the maximum of soil temperature at 2 cm
depth occurred during late afternoon. Irradiance was characterized by changes between cloudy
and sunny periods, the daily total of PPED of 20.1 mol*m™*d™! was very close to the value of
experiment 1. Maximum PPFD values, however, reached only 759 pmol*m‘z*s'I and minima
during night were indicating darkness.

The diurnal course of system respiration was very attenuated, showing an amplitude of about
60 mg CO.*m™?*h™" only. The absolute maximum of 160 mg CO*m™*h” was obtained
during late afternoon.

Net system flux of the whole system of the depression of the polygonal tundra was positive
for about 16 of 24 hours with the conditions described. Night NSF values were close to
matching the rates of system respiration. Increase of NSF in the moming as well as decrease

in the evening was very steep, daily maxima ranged up to 630 mg CO*m™*n,
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5.2.4 Connecting the Subsystems

On the basis of the two diurnal experiments on CO, fluxes of the whole system in the
depression of the polygonal tundra (PD), and the observed microclimatological parameters on
that days, the contribution of the subsystems (soil, moss, vascular plants) was ,reassembled".
Diurnal courses of soil respiration as well as moss photosynthesis were calculated on the basis
of the corresponding models evaluated from measurements at sub plots of the same microsite.
The three sub plots for the measurements of soil respiration, soil-moss system fluxes and

whole-system fluxes were situated closely neighboured (i.e. less than 1 m from each other).

The microclimatic conditions of the depression of the polygonal tundra during 29.7. and 9.8.
has already been introduced in the chapter 4.2.3.

The course of the net system flux of the whole system was most strongly influenced by the
gross photosynthesis of the vascular plants (Figs. 4.2.25 and 4.2.26). Soil respiration
accounted for nearly the total CO; efflux of the system, reducing the role of respiration of the
aboveground parts of vascular plants to a minimum. No particular diurnal course of vascular
plant respiration could be observed during both experiments. Both absolute level and diurnal
amplitude of soil respiration was higher during experiment 1, as compared to experiment 2.
Due to comparatively high gross photosynthetic rates of the mosses during the day, the soil-
moss system was already about balanced for some hours during experiment 1. In combination
with the lower soil respiration rates observed during experiment 2, the considerable gross
photosynthetic rates of the mosses caused the soil-moss system to even act as a net sink for
atmospheric CQO, for an extended period. While during experiment1 gross moss
photosynthesis showed higher rates than gross vascular plant photosynthesis for several hours
during night, both rates were about on the same level for the corresponding hours of
experiment 2. During the periods when gross photosynthesis of the vascular plants nearly
ceased, net system flux of the total system was mostly represented by the net system flux of
the soil-moss system. Over the day, the absolute rates of gross vascular plant photosynthesis
were about twice as high as the rates achieved by the gross moss photosynthesis. Already with
irradiances of about 100pm01*m'2*s'1, gross photosynthetic rates of the vascular plants

exceeded the photosynthetic rates of the mosses.
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Fig. 4.2.25. CO,-fluxes (mg CO*m™*d! and g C*m™*d™!) and microclimatic conditions at the depression
microsite of the polygonal tundra (PD) during a diurnal experiment from 28.-29.8.1996 (experiment 1).Depth to
water table was -4 cm.
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When the CO, fluxes of the subsystems were balanced over the day, differences between their
contribution to the fluxes of the whole system as caused by different conditions became
visible (Table 4.2.27). The net system flux of the whole system showed the depression of the
polygonal tundra to be a strong sink for atmospheric CO; on both days presented here. The
daily total of net system flux, however, was about 930 mg CO*m™2*d™ (16%) lower on 29.7.
(experiment 1) as compared to 9.8. {experiment 2). Although irradiance and air temperature at
2 m was lower on the day of experiment 2, gross vascular plant photosynthesis was observed
about 350 mg CO*m™*d" higher. On the other hand, moss photosynthesis was about
500 mg CO*m™*d" lower on this day, more than levelling this trend. The process
responsible for the considerable difference of net system flux between both days was soil
respiration: A water table position of only 1 cm below soil surface on 9.8. resulted in a CO;
efflux by soil respiration of only about 2800 mg CO,*m™?*d”, whereas it was observed as

high as 3800 mg CO,*m™*d™" on 29.7. with a water table position of 4 cm below soil surface.

Table 4.2.27. Contribution of the subsystems to the total daily net system flux (mg CO*m™*d" and g C*m*dh)
and microclimatic conditions for two diurnal experiments (29.7.1996 and 9.8.1996) at the depression microsite of
the polygonal tundra (PD).

polygonal tundra, depression 29.7.1996 9.8.1996
(experiment 1) (experiment 2)

mg COm“*d g Crm**d’  mg COMm**d’ g Crm**d’

net system flux 4762 1.30 5689 1.55

gross photosynthesis vascular plants 6185 1.69 6528 1.78

gross photosynthesis mosses 2774 0.76 2286 0.62

net flux soil-moss subsystem -1025 -0.28 -530 -0.14

whole system respiration -4251 -1.16 -3087 -0.84

aboveground respiration vascular plants -452 -0.12 =271 -0.07

soil respiration -3799 -1.04 -2816 -0.77

water table (cm below soil surface) -4 -1

mean air temperature 2 m(°C) 10.1 7.0

mean moss temperature (°C) 8.6 8.9

mean soil temperature 2 cm (°C) 7.5 8.5

daily total PPED 2 m (mol*m™*d™") 2238 20.50

daily total PPFD mosslevel (mol*m'z*d'[) 12.44 10.04
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As with the moss photosynthesis, the light response of gross photosynthesis of the vascular
plant community (70 % Carex stans, 30 % Dupontia fisheri, see also Table 4.1.16) can be
calculated from the balancing procedure (see above) and plotted (Fig. 4.2.27). The graph
indicates a higher maximum photosynthetic rate than observed with the mosses. The light
response model (equation 9), fitted with an 1% of 0.89, suggests that no light saturation level
was attained within the PPFD range observed. However, this result may not be very

meaningful due to a sparse databasis and the lack of leaf temperatures.
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Fig. 4.2.27. Lightdependence of gross photosynthesis (GP) of the vascular plant community of the polygonal
tundra, depression (PD). Calculated values and regression line, fitted with equation 9.



Discussion 143

6 Discussion

6.1 Control of Soil Respiration in Tundra Systems

In tundra, huge carbon stocks are present in soils, in particular in organic surface layers
(Everett 1981, Post e al. 1982, Gorham 1991). The thickness of the organic layers at the sites
investigated in the scope of this study ranged from 5 to 17 ¢cm, and showed relative carbon
contents between 4.8 and 33.6 % DW. This adds to carbon contents of 15-25 kg*m™
(Gundelwein 1997), which appears comparable to studies on soil carbon of similar types of
tundra in Alaska (Miller er al. 1983, Nadelhoffer 1997). Soil respiration is the process
responsible for the release of carbon from this store to the atmosphere. The control of this
process in different types of tundra and their microsites is an important factor for the
understanding of the carbon balance of the tundra ecosystem (Billings ef al. 1982, Oechel and
Billings 1992). Spatial differences in the response of soil respiration to the controlling
parameters reflect differences in the potential of sites to react to changes in their environment,
e.g. in the scope of the anticipated climate change.

In this study, methods were applied allowing the correlation of soil respiration with the
controlling parameters. The dynamic differential method of measuring gas-exchange in situ
facilitated the making of a sufficient database to model the response of single sites to the
controlling parameters. The obtained models served for drawing up response curves and for
balancing of soil respiration. Furthermore, the approximated model parameters were used for
correlation analysis of response characteristics with site characteristics of higher levels than
directly included into the model. In the next paragraphs, spatial patterns of soil respiration

quality and quantity will be discussed on the background of site characteristics.

Digression: components of soil respiration

The definition of the term soil respiration shall be clarified here. As Lundegérd (1921) already
defined, soil respiration is the CO; flux that can be measured at the soil-atmosphere interface,
and that originates from microbial respiration as well as from root and rhizome respiration of
vascular plants. In tundra and wetland studies, it furthermore includes the respiration of the
(shaded) mosses (e.g. Peterson and Billings 1975, Billings et al. 1982, 1983, Pool and Miller
1982, Moore 1986, Moore and Knowles 1989, Oberbauer et al. 1991, 1992, 1996). Because

soil and moss form a densely interwoven system in tundra, the removal of the mosses for the
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purpose of measuring soil respiration would result in artificial CO; flux values (see chapter
3.1.2.1). While in the present study an attempt was made to achieve a more realistic
interpretation of the contribution of the moss layer to the CO; efflux from the “soil system* to
the atmosphere (chapter 5.2), no differentiation could be made between microbial and root or
rhizome respiration. However, the two latter processes are controlled by different factors than
microbial respiration. While microbial respiration is an indicator of decomposition processes,
root respiration reflects the effort of the plants to gather nutrients and to store carbon. Only a
very restricted number of studies deal with estimating the contribution of root and rhizome
respiration to soil respiration in tundra. The proportion of soil respiration accounted for by
root and rhizome respiration has been estimated to range from 37 % (Flanagan and Bunnel
1981, from litter bag weight loss), over 30-70 % (Bunnel and Scoular 1975, model
calculations), to 68 % (Billings et al. 1977, CO, gas exchange) in tundra. Lower contributions
(below 20 %) of root and rhizome respiration to soil respiration were suggested by Oberbauer
et al. (1992) in riparian tundra, based on modelling of microbial respiration measured in the
laboratory. Their results were, however, based on assumptions that -critically viewed- change
the real contribution of root and rhizome respiration to higher values.

Thus, root and rhizome respiration represents a considerable part of soil respiration in tundra
systems. It has to be considered, that like in the case of soil and moss layer, also the separation
from roots and rhizosphere for the purpose of measuring single CO, fluxes results in artificial
values, since the fanction of both components is highly dependent on the structure of the

intact system.

6.1.1 Microsite and Efflux Patterns

Previous studies have suggested that the controls of CO, efflux from wetland soils are
complex and site specific (Peterson and Billings 1975, Billings et al. 1977, Svensson 1980,
Luken and Billings 1985, Moore 1986). Also in this study, soil respiration rates showed wide
differences between the tundra types and microsites investigated. Modelled daily means for
the period July/August ranged from 2.6 g CO,*m™?*d"! at the depression of the tussock tundra
to 10.9 g CO*m™*d™" at the tussock of the tussock tundra. These values are in the range of
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Table 5.1. Literature review of (CO, gas exchanged based) field studies on soil respiration rates in tundra, and
mean rates obtained in this study. (Values for Oberbauer ef al. 1991, 1992, 1996 are means of July fluxes only).

site microsite  soil respiration source
(2 CO,*m?*d")
tussock tundra, Southern Tundra zone, Taimyr tussock 10.9 this study
Peninsula
tussock tundra, Southern Tundra zone, Taimyr  moss hummock 6.7 this study
Peninsula
tussock tundra, Southern Tundra zone, Taimyr depression 2.6 this study
Peninsula
wet sedge tundra, Southern Tundra zone, Taimyr 4.0 this study
Peninsula
low centre polygonal tundra, Typical Tundra high apex 4.7 this study

zone, Taimyr Peninsula

low centre polygonal tundra, Typical Tundra low apex 4.3 this study
zone, Taimyr Peninsula

low centre polygonal tundra, Typical Tundra depression 3.8 this study
zone, Taimyr Peninsula

tussock tundra, northern foothills of the Brooks depression 5.0 Oberbauer et al. 1986
Range, Alaska
tussock tundra, northern foothills of the Philip 8.0 Oberbauer et al. 1991

Smith Mountains, Alaska

water track tundra, northern foothills of the 9.9 Oberbauer et al. 1991
Philip Smith Mountains, Alaska

riparian tundra, northern foothills of the Philip Carex dominated 6.4 Oberbauer et al. 1992
Smith Mountains, Alaska

riparian tundra, northem foothills of the Philip Eriophorum 5.0 Oberbauer et al. 1992
Smith Mountains, Alaska dominated
Cassiope dwarf-shrub heath, northemn foothills moist 4.8 Oberbauer et al. 1996a

of the Philip Smith Mountains, Alaska

Cassiope dwarf-shrub heath, northem foothills dry 5.0 Oberbauer et al. 1996a
of the Philip Smith Mountains, Alaska
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those from other studies in similar types of tundra (Table 5.1). The high value of the tussock
in the tussock tundra of this study as compared to the values from Alaska may be due to very
warm weather during field season at Lake Labaz (maximum soil temperatures at 2 ¢cm depth at
the tussock were up w 26°C).

Already the fact that the widest range of daily means in this study was observed in the same
type of tundra, and within a distance of about 1 m, supports the theory that the greatest
differences in CO, fluxes in wetlands occur on the microtopographic scale (Flanagan and
Bunnel 1980, Waddington and Roulet 1996). No regular patterns were evident linking the
observed CO; effluxes to the latitudinal gradient between Southern Arctic Tundra zone and
Typical Arctic Tundra zone. The explanation for the wide range of soil respiration observed
over the microtopographic scale is based on the combination of two facts. First, the
correlation analysis clearly identified depth to water table and soil temperature at 2 cm depth
to explain most of the variations observed in soil respiration. This was confirmed by the
model quality and is in correspondence with other wetland studies (e.g. Svensson 1980,
Peterson et al. 1984, Tenhunen et al. 1994, Oberbauer et al. 1996b). Second, the maximum
differences in these parameters occurred on the microscale.

The highest rates of soil respiration were observed at sites with low water tables and high soil
temperatures in the upper soil horizons (TT, TH, PL). The general pattern was furthermore
that these two factors occured in combination: A water table close to the soil surface caused
lower temperatures in the uppermost horizons, whereas a lower water table permitted higher
soil temperatures close to the soil surface. Consequently, the lowest soil respiration rates were
observed at sites with high water table positions and the resulting lower soil temperatures
(TD, WS, PD). Thus, the position of the water table at a site is the primary control of the
magnitude of the CO; efflux from the soil, both directly and by affecting the soil temperature.
There were, however, two exceptions from this general pattern. The wet sedge tundra (WS)
showed the highest mean water table, but soil respiration rates were higher than at the
depression of the tussock tundra with a slightly lower position of water table and an about
comparable soil temperature range. This indicates between-site differences in the performance
of the soil respiration process (see chapters 5.1.2, 5.1.3). The high apex of the polygonal
tundra (PH) showed the by far loweét water table of all sites observed in this study, but soil
respiration rates were only slightly higher as compared to the neighbouring low apex, with a
water table about 20 cm higher. Efflux rates were also much lower than at the comparable site

tussock of the tussock tundra with a mean water table position about 10 cm higher. This may
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indicate that at this comparably dry site high apex, with an average water table position of
below 30 cm, soil moisture was already limiting soil respiration. Oberbauer et al. (1991,
1996) have shown that such a limitation occurred during the second half of the growing
season at tundra sites with low positions of the water table or with no observable water table.
Silvola ef al. (1996) observed the same pattern in boreal mires, when the water table dropped
below 30-40 cm.

Another difference between sites refers to the diurnal course of soil respiration. Generally, the
course of soil respiration followed the course of the soil temperature at 2 cm depth. Due to
higher amplitudes of soil temperatures at 2 cm depth at sites with a low water table position
(TT, TH), higher amplitudes of soil respiration occurred here. Sites with a constantly high
position of the water table (TD, WS) showed only attenuated diurnal amplitudes, because of a
restricted diurnal amplitude of soil temperatures. The latter effect is caused by the thermal
buffer properties of water. The observed pattern is in correspondence with findings of Silvola
et al. (1996) from boreal mires in Finland. In the present study, the absolute level on which
the temperature induced oscillations of soil respiration occurred -as expressed by maxima and
minima of soil respiration- was site specific as well. Minimum soil respiration rates at the
tussock of the tussock tundra were only slightly lower than the maxima of the moss hummock,
although the exposed tussock microsite showed the lowest observed minima in soil
temperature at 2 cm depth. At sites with lower positions of the water table (TT, TH, PL) the
absolute level of the oscillations caused by temperature was higher than at sites with higher
positions of the water table (TD, WS, PD). This supports the theory of Oberbauer et al. (1992)
that soil temperature is a factor which modifies the respiration rates permitted by prevailing
water table in wet tundra types. The reason for this can be seen in the larger respiring soil
volume which is available for respiration processes when the water table is at low positions
(see chapter 5.1.2). Although effluxes were best correlated with the temperature at 2 cm depth,
deeper soil horizons obviously contribute to the CO, efflux from tundra sites with low water

tables as well.
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6.1.2 The Factor Water Table

The position of the water table was the primary factor controlling soil respiration at the sites
investigated in this study. This was clearly shown by the correlation analysis and the response
curves derived from the soil respiration models. This result is in correspondence with other
studies on soil respiration in wet tundra and bog systems (Billings ef a/. 1982, 1983, Peterson
et al. 1984, Luken and Billings 1985, Moore 1989, Oberbauer ef al. 1991,1992, Ostendorf
1996). In this study, low water table positions resulted in higher CO; efflux rates, while water
table positions close to the soil surface caused low CO, efflux rates. Billings et al. (1984)
observed this effect in studies on tundra microcosms and presumed that the related controlling
mechanism is oxygen diffusion limitation. These findings were supported by Whalen et al.
(1996), who, based on micro-oxygen electrode measurements, suggests that moist tundra soils
remain oxygenated to the water table with a rapid depletion of oxygen at or within 1 ¢cm of the
water table. Gebauer et al. (1996) found that the spatial variability of soil oxygen availability
in tussock tundra and wet sedge tundra in Alaska was closely linked to the position of the
water table and the physical properties of the involved soil horizons. The oxygen availability
in less compact horizons (in particular organic horizons) was less strictly linked to the
position of the water table, while water table changes in compact horizons (in particular
mineral horizons) caused immediate changes in the availability of oxygen. This is in
correspondence with the results of Flanagan and Veum (1974), who showed that organic
horizons have higher oxygen content due to low bulk density and high aerated pore spaces.
Peterson et al. (1984) showed that root respiration of the dominant vascular plants in tundra
microcosms was not affected by the position of the water table indicating that it is rather the
microbial population that is limited by low soil O, concentration.

It has been suggested that oxygen supply to microbes can be facilitated through plant roots
(Armstrong 1967, Stuart et al. 1982). In this study, the occurrence of a red brown soil colour
around vascular plant roots in deeper otherwise gleyic horizons e.g. of the wet sedge tundra,
suggests that at least the microbes of the immediate rhizosphere may benefit from oxygen
supply through plant roots. However, laboratory studies with oxygen-electrodes (Armstrong
1979, Flessa and Fischer 1992) have shown only very restricted effects, and field studies
(Gebauer et al. 1996) have found no effect at all.

Thus, the high correlation of water table position and soil respiration rate observed in this

study indicates the position of the water table to be a good predictor of soil aeration effects on
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soil respiration. On the other hand, the soil respiration rates observed at the depression of the
polygonal tundra (PD) suggest that even with positions of the water table above the soil
surface considerable soil respiration rates of up to 100 mg CO,*m™>*h’" may occur. This may
be the share of the root and rhizome respiration. But also microbial respiration may occur
under these conditions due to a combination of factors, like limited duration of flooding
events (O; remaining in microenvironments of the soil), cold water temperatures (higher
O, content of cold water), flowing water (constant O, supply), and probably also structure of
the microbial community (more facultative anaerobic organisms at frequently flooded sites).
The factor flowing water may in fact explain the higher soil respiration rates of the wet sedge
tundra as compared to the depression of the tussock tundra with the same water table and soil

temperatures.

The results of the laboratory experiments on the water table dependency of soil respiration (in
microcosms) indicated that changes in soil respiration are most pronounced with water table
changes closely below the soil surface. Changes of the water table position in deeper horizons
do not alter the soil respiration rates much. With water table changes very close to or even
above the soil surface, changes in soil respiration are less pronounced again. This is in
correspondence with the results of Oberbauer ef a/. (1991) who found that soil moisture at the
0-5 cm depth was a better indicator of soil respiration than was soil moisture at greater depths.
Furthermore, the results of both laboratory and field experiments showed that the response of
soil respiration to depth to water table at all sites investigated can be very well expressed by
an asymptotic function first introduced by Oberbauer et al. (1992). The application of a
sigmoid function, which showed very high correlation coefficients for the laboratory data of
this study as well, can be recommended for purposes with wider input ranges, like e.g. on the
landscape scale. The function proved to be more robust to extrapolation.

Both models indicate the bulk of CO; released from the soils investigated to originate from

the upper centimetres of the soil profile.
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The response of soil respiration to water table differed between the sites investigated in this
study. Permanently wet sites (TD, WS, PD) showed steeper response to water table changes as
compared to the comparatively drier sites (TT, TH, PH). This is in correspondence with the
results of Oberbauer et al. (1992), who, in a gradient study in riparian tundra in Alaska, also
found steeper response of CO; efflux to changes in water table position towards the more
waterlogged side of the transect. While Moore and Knowles (1989) and Oberbauer et al
(1991) assume these differences to be based on soil physical properties, in this study the
correlation analysis suggests that steepness of soil respiration response to water table is
determined by biological site characteristics. In detail, bacterial biomass of the uppermost soil
horizons (0-2 cm, 2-5 cm), belowground biomass, and the seasonal ratio production / soil
respiration, explained most of the between-site variations of the slope of the response to water
table. This may indicate that the structure of the microbial community and the availability of
carbon are the factors determining the steepness of the water table response of soil respiration.
In a study on a toposequence of soils of the Imnavait watershed, Alaska, Cheng e al. (1996,
c.f. Oberbauer et al. 1996b) found that carbon availability for microbial utilisation was higher
at wet sites than at drier sites.

The drier sites of the present study were close to their level of insensitivity to water table
changes at the range of positions observed in the field. However, even with water table
positions up to 35 cm, soil respiration at the high apex of the polygonal tundra showed some
response to changes of the water table, indicating the occurrence of soil respiration down to
this depth. This is in contrast to the study of Oberbauer er al. (1992), who found that CO,
efflux from riparian tundra was affected by decreasing water table only until depth to water
table was about 10 cm. Silvola et al. (1996) suggested that in boreal mires in Finland soil
respiration rates were not as much affected by changes in the position of the water table, if
these changes occur below 20 cm depth. As indicated by the correlation analysis of the present
study, the between-site pattern of the level of insensitivity to water table changes was linked
to biological site characteristics. Apart from the bacterial biomass in the uppermost soil
horizon (0-2 em), differences in the level of insensitivity to water table changes were best
explained by annual vascular plant production as well as aboveground and belowground
biomass. This may indicate that besides the structure of the microbial community in particular
the availability of carbon determines the level of insensitivity of soil respiration to water table

changes.
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From the described results, it can be concluded that the quantity, quality, and distribution of
organic material as well as the related distribution of microbes in the soil profile determines a
significant proportion of the patterns related to response of soil respiration to water table.
Such relationships are suggested in decomposition studies from mires (e.g. Moore 1989,
Szumigalski and Bayley 1996) and wet tundra types (e.g. Heal ef al. 1981, Moorhead and
Reynolds 1996). The final evaluation of the data set from the sites investigated in this project

(e.g. fungal biomass, carbon fractionation) will probably complete the described patterns.

6.1.3 The Factor Temperature

Temperature has been frequently identified as a primary environmental control on soil
respiration in tundra systems (Peterson and Billings 1975, Billings et al. 1977, Svensson 1980,
Luken and Billings 1985, Moore 1986, Oberbauer et al. 1991, 1992, 1996), as was found in
the present study. Although positive correlation between soil respiration and temperature has
been shown in many studies (reviewed in Singh and Gupta 1977, Raich and Schlesinger
1992), there is no consensus on the type of the relationship. Linear (e.g. Witkamp 1966,
Peterson and Billings 1975), exponential Arrhenius type (e.g. Howard and Howard 1979,
Oberbauer er al. 1992), or even power relationships (Kucera and Kirkham 1971) have been
used to describe the process. In this study, a principally exponential equation, which allows
for a variable relative temperature sensitivity across the temperature range, was used to
describe the temperature dependence of soil respiration (Lloyd and Taylor 1994). Besides the
fact that the function provided a precise and unbiased explanation for the temperature induced
variations of soil respiration, the option of a changing temperature sensitivity facilitated the
revelation of additional patterns of temperature response (see below).

In the present study, the soil temperature at 2 cm depth served best to explain the temperature
induced variations of soil respiration. The fact that soil temperatures close to the soil surface
are better predictors of CO; efflux from tundra than soil temperatures of deeper horizors, is
consensus in studies dealing with this topic (e.g. Peterson and Billings 1975, Billings ef al.
1977, Svensson 1980, Luken and Billings 1985, Moore 1986, Oberbauer ez al. 1991, 1992),
This suggests that the majority of CO; released by soil respiration in tundra originates from
the uppermost horizons. Billings et al. (1977) suggested that 60 to 80 % of the CO;, efflux

from soils at Barrow, Alaska, originates from the upper 5 cm of the soil.
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The temperature response of soil respiration showed differences between the sites
investigated. As with the response to depth to water table, the between-site differences in
temperature response could not be attributed to the site position on the latitudinal gradient on
Taimyr Peninsula, but to the position of the site in microrelief. The absolute level of
temperature response was higher for the drier sites tussock and hummock of the tussock
tundra (TT, TH), as well as for the high apex of the polygonal tundra (PH). According to what
has been suggested in chapters 5.1.1 and 5.1.2, this pattern can be explained by the larger
respiring soil volume of these sites. This theory is supported by the correlation analysis, which
showed good correlation of the unbiased temperature response parameter (z) to the position of
the water table. This would suggest the participation of deeper horizons in soil respiration at
these sites. In a study on the quality of soil organic matter within the same project,
Gundelwein (1997) suggests the occurence of aerobic carbon turnover in these horizons from
patterns obtained in XAD and density fractionation and lignin analysis.

The second pattern of temperature response is that the wet sites depression of the tussock
tundra (TD), wet sedge tundra (WS), and the depression of the polygonal tundra (PD) showed
steeper responses to temperature than did the drier sites. This indicates a greater temperature
sensitivity of the soil respiration process at the wet sites. Moreover, the temperature sensitivity
of soil respiration, as expressed by the Q,y, Was not constant across the range of temperatures,
but was greater at low temperatures than at high temperatures. Qo values ranged from 1.2 at
soil temperatures of 26°C to 3.4 at soil temperatures of 5°C. Similar patterns have been noted
before (e.g. Slator 1906, Kanitz 1915, Kononova 1966, Flanagan and Veum 1974, Schleser
1982), yet were only rarely and recently considered in modelling studies of soil respiration or
organic matter decomposition (Svensson 1980, Lloyd and Taylor 1992, Kirschbaum 1993,
Kutsch and Kappen 1997). Lloyd and Taylor (1992) suggested that differences in the
temperature response of different enzyme groups involved in the physiologically
heterogeneous process of soil respiration cause differences in the temperature sensitivity of
the process. Panikov (1997) showed that such patterns occur due to the response of different
microbial populations with different life strategies or temperature adaptations. However, the
findings of Oechel (1976), who observed higher O,y values with decreasing temperatures in
moss respiration, suggest that also a single species can show this pattern.

In the majority of studies mentioned, differences in the relative temperature sensitivity of
different soils, microsites, or horizons at a given temperature have been attributed to

methodological constraints or moisture limitations. Kirschbaum (1995) first assumed these
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irregularities to reflect different inherent temperature sensitivities of different soils. Panikov
(1997) suggested that differences in the trophic status of the environment may cause different
relative temperature sensitivities. The use of individually fitted models for different microsites
performed in the present study has revealed that the course of Qy across the range of
temperature can be attributed to site characteristics. The wet sites, depression of the tussock
tundra (TD), wet sedge tundra (WS), and depression of the polygonal tundra (PD) showed the
highest Oy values as well as the sharpest decrease of Oy with temperature. The drier sites
tussock and hummock of the tussock tundra (TT, TH), as well as high and low apex of the
polygonal tundra (PH, PL) showed lower Q;y values which were about constant across the
temperature range observed. This observation is in correspondence with the results of Silvola
et al. (1996), who found higher Q) values at sites with water tables less than 20 ¢m below
soil surface as compared to those sites with water tables below 20 cm depth. Svensson (1980)
also observed higher Q,, values related to lower temperatures and higher soil moisture. He
suggested that depletion of oxygen and oxygen diffusion rates limit soil respiration under
these conditions. This may be an explanation for the results of this study as well, since low
temperatures and high water tables occured in combination at the wet sites investigated. The
correlation analysis, however, revealed a clear pattern for Q, values across the temperature
range. Besides the significant correlation with the mean position of the water table, decreasing
Qo values with temperature were highly correlated with parameters indicating low
composition capability, like the annual ratio of production / soil respiration and the carbon
content of the uppermost horizon. This pattern suggests that high (O; values at low
temperatures can be explained by the availability of substrate in the uppermost soil layers,
which immediately can be metabolized when the water table drops (and hence soil
temperatures rise). This theory is supported by the findings of Silvola et al. (1985), who
observed the greatest increase of soil respiration in drained peatland at sites with the poorly
decomposed peats. Nadelhoffer ef al. (1991) found that the quality of organic matter was even
more important than soil temperature in controlling the rates of CO, efflux in a laboratory
comparison of different arctic soils.

The Q;y values of the soil respiration process observed in this study (1.2 to 3.4) were
representing the full range of what Raich and Schlesinger (1992) reported in a world-wide
summary of soil respiration studies (1.3 to 3.3). Although the data base of this study is
geographically limited, these corresponding ranges suggest the Q¢ of soil respiration to be a

site specific variable rather than a climate specific one.
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6.1.4 Microsite and Soil Respiration Potential

Within the scope of the anticipated global warming, tundra areas are believed to be subject of
the most pronounced changes (Solomon et al. 1985). The thermal and hydrological regimes of
tundra soils are key factors determining the carbon balance of the tundra ecosystem (Maxwell
1992, Ostendorf et al. 1996), because they are the primary controls of CO; efflux from soils
(Svensson 1980, Peterson et al. 1984, Tenhunen et al. 1994, Oberbauer et al. 1996b). The
potential release of CO, from tundra soils would on the long-term result in a positive feed-
back on the global warming (Miller ez al. 1983).

The potential of soil respiration to change in response to altered soil temperatures and water
table positions showed wide differences between the investigated sites. The wet and cold sites
(TD, WS, PD) showed the greatest relative changes of soil respiration rates to both altered soil
temperatures and water table positions. In contrast, the drier and warmer sites (TT, TH, PH)
showed nearly no changes of soil respiration rates with altered water table positions, and only
small changes with altered soil temperatures. On the basis of what has been elaborated in the
chapters 5.1.2 and 5.1.3, this pattern can readily be explained. With respect to changes of the
water table position, the wet sites showed a current water table situated in the most sensible
range of the water table response curve. Therefore, any change of the water table position had
a maximum effect on CO, efflux from these sites. With respect to changes in soil temperature,
the temperature sensitivity of soil respiration was higher at the wet sites than at the drier sites.
Additionally, the relative temperature sensitivity of the soil respiration process at the wet sites
was even higher at the comparatively colder temperatures which prevailed at these sites. The
implication of these findings were clearly pointed out by Billings ef al. (1982): any climate
change that raises or lowers the water table will have profound effects on the magnitude of
carbon loss in wet tundra systems, in particular in combination with increased soil
temperatures.

In contrary, the drier sites showed water table positions at or close to their level of
insensitivity to water table changes at the natural site. Consequently, changes in water table
positions had no or very little effect on soil respiration rates at these sites. Temperature

sensitivity of the soil respiration process, as expressed by the Oy, was comparatively low. The
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consequence was that altered temperature regimes did not change soil respiration rates as
pronounced as at the wet sites,

Focusing on absolute instead of relative CO; efflux, the tussock of the tussock tundra (TT)
showed the highest rates both with the original conditions as well as with all scenario
calculations. The lowest absolute efflux rates with all but two scenarios were observed at the
depression of the tussock tundra (TD). It is noteworthy, that the depression of the tussock
tundra showed higher absolute CO, efflux rates than the dry site high apex of the polygonal
tundra (PH), when the water table was lowered by 4 cm. The depression of the tussock tundra
nearly doubled its CO; efflux rates with this scenario. This highlights the great potential of the

wet sites also in terms of absolute efflux rates.

0.2 The Role of Moss Assimilation as a Buffer for CO, Effluxes from Tundra

Mosses represent an important growth form in tundra areas where they contribute significantly
to biomass, production, and cover (Webber 1974, 1978, Rastorfer 1978, Hastings et al. 1989,
Shaver and Chapin 1991). At the sites investigated in the scope of this study, moss coverage
ranged from 71-100 %. In a sedge-moss meadow in Western Taimyr, for example, bryophytes
comprise 91 % of the aboveground biomass (Wielgolaski, 1978). Chernov (1985)
characterized the role of mosses in tundra to be the “environment-forming building-blocks of
the vegetation”. The ground surface where mosses are found is an important interface
controlling the transfer of energy and materials; thus mosses hold a key role as filters between
the above- and belowground parts of the ecosystem as well as between ecosystem and
atmosphere (Rosswall and Granhall 1980). Important aspects of tundra ecosystem function
therefore depend on the physiological response, turnover, and production of mosses
(Tenhunen et al. 1992). It was one aspect of this “filter-mode of operation in the context of
ecosystem function, that the moss investigations of this study focused on:

Soil and moss form a closely interwoven system in wet and humid tundra types (Everett et al.
1981). Moss photosynthesis can be regarded as a “filter”, reducing the CO, losses of the
belowground parts of the system originating from soil respiration. Since soil and moss can
hardly be separated without changing essential structural and microclimatic characteristics of
both components, a method for analysis of the CO; fluxes of the structurally intact soil-moss

system in situ was developed (see chapter 3.1.2.2) and successfully applied.
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It is noteworthy to recall that there was no structural difference between the soil-moss system
experiments and the soil respiration experiments. The only difference between both set-ups
was that the mosses were unshaded for most of the time during the soil-moss system

experiments.

6.2.1 Microsite and Moss Photosynthesis

Intrinsic Factors

The moss communities analysed in this study showed wide differences in their photosynthetic
capacity with respect to maximum gross photosynthetic rate and light saturation levels.

At the wet and cold microsites at Lake Labaz, the depression of the tussock tundra (TD) and
the wet sedge tundra (WS), the moss communities dominated by Drepanocladus uncinatus
showed maximum photosynthetic rates below 100 mg CO*m™*h™!. Both moss communities

1 . .
in combination

achieved these maximum rates already at light levels below 100 pmol*m2*s”
with temperatures around 10°C. A maximum photosynthetic rate about twice as high was
observed at the wet depression microsite of the polygonal tundra at Lake Levinson-Lessing
(PD), dominated by the moss Drepanocladus revolvens. Light saturation was not achieved
until 350 pmol*m™*s™ at this site, most possibly due to moss temperatures up to 10°C higher
than at the southern sites. Both moss communities of the drier microsites, the moss hummock
of the tussock tundra (TH), as well as the low apex microsite of the polygonal tundra (PL),
showed considerably higher maximum photosynthetic rates of 450 mg CO*m™*h”', and
270 mg CO*m™*h™!, respectively. While the low apex microsite of the polygonal tundra,
dominated by Tomentypnum nitens, achieved this wvalue at light levels above
250 pmol*m™*s™ in combination with temperatures between 10 and 13°C, the species of the
moss hummock microsite of the tussock tundra, dominated by Hylocomium splendens, wete

light saturated at about 450 pmol*m'z*s"l, presumably due to comparatively higher

temperatures of up to 22°C.

Extrinsic Factors
Apart from the individual photosynthetic capacity, photosynthetic yield of the moss
communities in this study was furthermore constrained by a number of microclimatic factors,

whose combinations appeared to be site specific as well.
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Water. In the scope of this study, the highest daily assimilation rates and the thickest mats of
alive mosses were observed at the wet, but not waterlogged microsites TH and PL. Along a
gradient of increasing water availability, moss biomass in tundra generally increases to a
maximum at wet microsites, and decreases again towards the waterlogged microsites (Oechel
and Sveinbjornsson 1978, Hastings et al. 1989). This pattern is generally based on the
poikylohydric character of the mosses, allowing no or only restricted morphological control
on their water status, and thus being dependent on the availability of water during periods of
photosynthetic activity. Mosses generally show a range of optimum water content for
photosynthesis and a decrease of photosynthetic rates with decreasing water content until, at
very low water contents, no gas exchange can be observed (e.g. Lee and Stewart 1971, Oechel
and Collins 1976, Sveinbjérnsson and Oechel 1978). The water content of the mosses
investigated in this study was found to be constantly high over the experimental periods,
suggesting a sufficient water supply for the maintenance of photosynthetic rates at the natural
site (Table 5.2). Generally, one can distinguish between two strategies of mosses in handling
their water supply (summarized in Proctor 1982): In endohydric species, water is taken up
from a substratum or underlying water table and conducted internally (by apoplastic or
symplastic transport, or specialised empty conducting cells) to the photosynthetically most
active parts. In ecfohydric species, water is absorbed over the entire surface. In some cases,
water can be moved upwards in external capillary spaces, like between adjacent shoots,
between stem and leaf surface, or in papillae. In fact, both types represent extremes between
which a range of intermediates can be found (“mixohydric*).

All moss species investigated in this study were capable to use the soil water as water supply,
as indicated by the maintenance of constantly high water contents independent of rain or dew
events. The mosses of the depression microsites of tussock tundra and polygonal tundra, as
well as of the wet sedge tundra, were mostly of ectohydric character (Collins 1977, Oechel
and Sveinbjérnsson 1978). Although their photosynthetically most active tissues were situated
some cm above the water table, they showed very high water contents in the field (Table 5.2).
Thus, external conduction, as well as sorption and capillary effects of the intact moss layer
seemed to result in water contents of the photosynthetic tissue that were generally much
higher than the optimum water content for photosynthesis (WCg,). Water contents of the
species from the drier microsites, Hylocomium splendens (TH) and Tomentypnum nitens (PL),
were considerably lower than those from the wetter microsites, but obviously still in the range

of WC,. The observation that the uppermost parts of these mosses were situated about
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4-10 cm above the water table, suggests the occurrence of an efficient water conduction in
both species. While nothing is known about water conduction mechanisms in
Tomentypnum nitens, previous studies on Hylocomium splendens have denied the possibility
of effective water conduction in the field (Skre ef /. 1983, Sonesson et a/l. 1992), Laboratory
experiments, however, have shown that Hylocomium splendens can exhibit considerable
values of external conduction (Méagdefrau 1935, recalculated in Proctor 1992), supporting the
observations of the present study. The species co-occurring with Hylocomium splendens at the
moss hummock microsite, Polyvtrichum strictum, represents a genus known to show the most
effective endohydric conduction (Bazazz et al. 1970). In a study on moss species distribution
in relation to mean water table, Bubier and Moore (1995) found Polytrichum strictum on
average 35 cm above the water table. However, also in endohydric moss species, the water
content of the photosynthetically most active tissue sharply decreases if the water table falls
below a certain species dependent limit (Clymo and Hayward 1982), which was obviously not

reached for the mosses of the present study.

Table 5.2. Literature review of optimum water contents (% DW) for assimilation (WC,,) of some of the moss
species investigated in this study, and range of water content as observed in the field (this study). Note that the
water confent of the mosses in this study is taken of a species mixture, of which the compared species was only a
part,

species (microsite, this study) WC field, WCop site source
this study (% DW)

(% DW)
Hylocomium splendens (TH) 775 500-700 Abisko, Sweden Sonesson et al. 1992
Polytrichum strictum (TH, TD) 775 200 Signy L, Antarctica Collins 1977
Tomentypnum nitens (PL) 480-520  400-600 Alberta, Canada Busby & Whitfield 1977
Calliergon sarmentosum (PD) 927-1054 600 Barrow, Alaska  Oechel & Collins 1976
Drepanocladus revolvens (PD) 927-1054

Drepanocladus uncinatus (TD, W) 934-1530 500  Signy L, Antarctica Collins 1977
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Many mosses show a decrease of photosynthetic rates at supra-optimal water contents (e.g.
Oechel and Collins 1976, Dilks and Proctor 1979). This phenomenon, mainly caused by
increasing diffusion resistance for CO; into and inside the moss tissue (Clayton-Greene et al.
1985), may be of importance for the photosynthetic rates of the mosses invesf[igated in this
study (see also below: CO,-paragraph). Since the uppermost parts of the mosses at the wet
microsites of the present study showed water contents two- or three times the value of WCp,,
photosynthetic rates were most likely below optimum. Oechel and Collins (1976) showed that
the reduction of photosynthetic rate was about 10 % of maximum rate with a water content of
about 200 % DW above WCyy in Calliergon sarmentosum. Mosses of more mesic
distribution, like Politrichum alpinum showed more pronounced reduction values in the same
study. This suggests that also the comparatively lower supra-optimal water content observed
with the mesic species Hylocomium splendens in the present study may have resulted in below

optimum photosynthetic rates.

The measurement technique used in this study proved especially capable for maintaining the
natural water conditions of the investigated species by examining the undisturbed moss carpet
or cushion in situ. In any case, the water loss of intact colonies of mosses is widely restricted
compared to single shoots (Gimingham and Smith 1971). Furthermore, the water supply
during experimental periods is widely ensured, if the mosses stay in contact with their

substratum, and/or neighbouring shoots.

Light. Along a gradient of increased water availability in tundra (see above: Water-
paragraph), mosses progressively experience less light, due to a concomitant increase of the
vascular plant canopy, which shades the moss layer (Oechel and Sveinbjérnsson 1978,
Tenhunen ez al. 1992, Tenhunen et al. 1994). At Lake Labaz, irradiance values at the mesic
and more exposed moss hummock microsite (TH) ranged up to 1000 pmol*m'z*s'l, whereas
irradiance showed a maximum of only 450 pmol*m™*s” at the neighboured depreszion
microsite (TD). The lowest maximum of PPFD (185 pmol*m?*s™) was observed in the wet
sedge tundra, the wettest tundra type. Here, the highest aboveground vascular plant biomass
was found, considerably shading the moss layer. In particular the moss species of the wet
microsites investigated in this study (TD, WS) compensated for low light levels with high
photosynthetic efficiency (i.e. a steep increase of photosynthetic rates alveady at low light

levels) and low light saturation levels, a mechanism well known from other studies on the
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light response of mosses from wet habitats (Kallio and Kérenldmpi 1975, Collins 1977,
Proctor 1981). In contrast, the light saturation level of the moss species from the moss
hummock (TH) was much higher, with about 250-400 pmol*m™*s” in combination with
temperatures up to 22°C. The species, Hylocomium splendens and Polytrichum strictum, were
thus capable to make use of the higher irradiance levels occurring at this microsite. At a

2ol
*s™, Sonesson

subarctic birch forest site with irradiance levels rarely exceeding 200 pmol*m
et al. (1992) found light saturation in Hylocomium splendens alrcady at about
100 pmol*m™*s™. This indicates a wide adaptational range of the photosynthetic apparatus of
this moss species to ambient conditions (but see also below: CO; paragraph), as has been
observed in other moss species as well (Hickleton and Oechel 1976, Oechel and
Sveinbjérnsson 1978).

Thus, mosses are able to achieve considerable photosynthetic rates even when situated below
a canopy of vascular plants. Additionally, mosses even benefit from vascular plant cover to a
certain extent: Moderate shading can reduce evaporation and thus maintain sufficient water
content of mosses for assimilation over extended time periods (Clymo and Hayward 1982,
Harley et al. 1989, Hastings ef al. 1989, Murray et al. 1989a, Murray ef al. 1989b).

The conditions in the polygonal tundra at Lake Levinson-Lessing were somewhat different to
those of the Southern Tundra site. Due to the more scattered and lower vascular plant cover at
the depression microsite of the polygonal tundra (PD, 85 %), as compared to the wet sedge
tundra (WS, 109 %), maximum PPFD values near to 1200 pmol*m™?*s” were observed at the
moss level during a clear day. Unlike the moss community at the wet depressions of the
Southern Tundra sites (dominated by Drepanocladus uncinatus), the moss community at the
depression of the polygonal tundra (dominated by Drepanocladus revolvens) achieved light
saturation only at about 350 pmol*m'z*s'l. However, moss temperatures were about 20°C
during experiments at the latter site, which was about 10°C higher than at the former sites.
Light saturation values for both temperature ranges are in correspondence with observations
on Drepanocladus uncinatus by Collins (1977). Thus, due to its photosynthetic
characteristics, the moss community of the depression of the polygonal tundra (PD) could use
the comparatively intense light conditions at their natural stand.

About the same comparatively high maximum irradiance values at moss level as at the
depression were observed at the low apex microsite of the polygonal tundra (PL), which
showed an even lower vascular plant cover (56 %) than the depression microsite. Since

Tomentypnum nitens, the dominating moss species at this microsite, was light saturated at
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about 270 pmol*m™*s™ in combination with temperatures around 13°C, it was also able to

benefit from the high irradiance level at its stand.

CO;. The ambient absolute CO, concentration is a key factor for the photosynthesis of green
plants through determining the level of assimilation rates. In the case of mosses, therole of the
absolute CO, concentration for photosynthesis has to be discussed in particular from two
points of view, the ambient CO, concentration of the mosses in sifu (a), and the effect of
increased CO, concentrations on the photosynthetic capacity of mosses (b).

(a) Several studies have shown the occurrence of CO, concentrations higher than the
atmospheric ambient around the photosynthetically active sections of moss shoots (Silvola
1985, Sveinbjérnsson and Oechel 1992, Sonesson er al. 1992, Tamawski et al. 1992). While
in these studies it was only suggested that this CO, originates from soil respiration, the results
of the present study clearly confirm this suggestions. In particular during periods when the net
CO; flux of the soil-moss system was negative (i.e. a net efflux of CO, from the soil-moss
system to the atmosphere), the immediate environment of the mosses can expected to be
considerably enriched in CO,. Negative net CO; fluxes of the soil-moss system were observed
during the majority of experimental periods of this study, resulting in a high potential of the
mosses at most sites to benefit from the high CO; concentrations. The degree of enrichment,
however, is dependent on the ratio soil respiration versus moss photosynthesis (the absolute
magnitude of the net system flux). It has to be considered, though, that the intervals of
positive net system fluxes, or of small negative rates of net system fluxes, respectively, were
all observed during periods of otherwise favourable conditions for photosynthesis, mostly
during early morning. This may limit the potential of the high CO; concentration for moss
photosynthesis to shorter, but still considerable time periods at some microsites (e.g. PL).
Wind is another factor reducing the absolute CO, concentrations in the immediate
environment of the moss. Its influence on the dilution of CO; in the moss layer is controlled
by wind speed (Silvola 1986) and boundary layer characteristics of the specific site as
determined by its position in microrelief and the structure of the vascular plant canopy
(Proctor 1984). Boundary layer characteristics have received little systematic studies, although
there is evidence of its importance also in the context of evaporation (Gimingham and Smith
1971, Nobuhara 1979). Proctor (1980) suggests that evaporation from moss cushions sharply
increases with the occurrence of wind speeds high enough to cause turbulences on the level of

the moss shoots, a level dependent on surface roughness.
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It is thus suggested that the diurnal course of the net CO; flux of the soil-moss system
determines the ambient absolute CO, concentration of mosses ixn sifu. The present study does
not vyield any absolute levels of this concentration, but the literature suggests that it ranges
from about atmospheric ambient up to 3500 ppm (Table 5.3). However, the meaningfulness of
these data may be limited, since all authors were working with air sample volumes probably

too large to represent the air in the immediate vicinity of the moss shoots only.

Table 5.3. Literature review of absolute CO, concentration in the immediate environment of the
photosynthetically active parts of messes.

range of CO, concentration cm below source species / site
(ppm) moss surface

350-1143 2 Sonesson et al. 1992 Hylocomium splendens,

birch forest, northern Sweden

450-600 0 Silvola 1985 Sphagnum spp.,

central Finland

340-530 3 Sveinbjomsson and Pleurocium schreberii,

Oechel 1992  black spruce forest, central Alaska

600-3500 1 Tamawski ez al. Grimmia antarctici,

1992 Casey Station, Antarctica

(b) Most comprehensive studies on the photosynthesis of mosses have been carried out at
“normal* ambient CO, concentrations of about 350 ppm (e.g. Oechel and Sveinbjérnsson
1978, Johansson and Linder 1980), not considering the situation that mosses face
concentrations higher than “normal®“ ambient at their natural site. The results of this study
clearly prompt to the need of a more field-orientated approach for measurements of moss
photosynthesis considering the CO, factor. Due to the lack of absolute CO, concentration
values in this study it is difficult to assess the photosynthetic capacity of the mosses
investigated. From a limited base of literature it is clear that bryophytes are strongly CO,
limited at ambient levels around 350 ppm and that saturation does not occur until about
2000 ppm during short term increase of CO, levels (Silvola 1985, Coxson and Mackey 1990,
Adamson et al. 1990, Sonesson et al. 1992, Tenhunen et al. 1992). Referring to Green and
Lange (1994), increased CO, concentrations will have three major effects on the
photosynthesis of mosses. First, optimal temperatures for photosynthesis will increase. This
can be favourable for the mosses at the more mesic microsites (TH, PL) of this study, which
experience higher temperatures. Second, assimilation rates at PPFD levels below light
saturation will increase, a situation of which mosses below a canopy of vascular plants (e.g.

WS in this study) can benefit. Third, higher PPFD levels will be required for light saturation.



Discussion 163

This effect, although probably also caused by the adaptational range of the species, can be
seen in Hylocomium splendens, which showed a light saturation value about twice as high in
this study as compared to a study of Sonesson et al. (1992) (see above: Light-paragraph).
Additionally, the decrease of photosynthetic rates at supra-optimal water contents (see above;
Water-paragraph) will not occur in combination with higher CO, concentrations (Silvola
1990). Since this effect is caused by the high diffusion resistance of the soaked thallus, higher
CO;, partial pressures can fasten the diffusion rates (Lange ef al. 1984). This phenomenon can
be of particular importance for the mosses of the wet microsites (TD, WS, PD) in this study,
where an increased CO, concentration can counteract the negative effect of the very high

water contents observed.

Temperature. Because of the very restricted temperature range observed during saturating
light conditions in the field, not much can be said about differences in the temperature
dependence of photosynthesis between the investigated moss communities. Moss
temperatures were generally lower at wet microsites (TD, WS, PD) and higher at the more
elevated microsites (TH, PL), as documented in the microclimatic characteristics of the
experimental sites. However, at sites lacking extensive vascular plant cover like the
depression of the polygonal tundra, moss temperatures could also rise up to 22°C occasionaly.
Response curves of assimilation rates to temperature are typically broad in mosses of polar
distribution, and values range from 5 to 25°C in arctic mosses (Longton 1988). Moreover,
optimum temperature range changes over the season within periods of several days, being
highly dependent on the actual microclimate of the specific site (Oechel 1976, Oechel and
Sveinbjomsson 1978). The observation that the range of temperatures measured during
experiments in this study match the range given in the literature suggests that the investigated
mosses may have been at least in the range of their optimum temperature during experiments.
On the other hand, the occurrence of scattered data around the level of maximum
photosynthetic rates in the light response curves of some microsites (TH, PL, PD) :ndicates a

considerable response of moss assimilation rates to temperature.
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6.2.2 Microsite and Quantitative Aspects of Buffering

The relative daily reduction of the CO; efflux from soil and moss respiration by the gross
photosynthesis of the mosses ranged between 35 and 99 % in this study. This result clearly
show the importance of moss photosynthesis in the context of tundra ecosystem CO; fluxes.
The diurnal pattern and magnitudes of the CO, fluxes of the soil-moss systems observed in
this study were similar to those modelled with the “Gas-Flux“-simulator for the tundra of the
Imnavait Creek watershed, Alaska (Tenhunen et al. 1994). All soil-moss systems investigated
in the present study showed a net loss of CO, to the atmosphere over the experimental
periods. The absolute net system CO, losses of the soil-moss system ranged from
4650 mg CO*m™?*d™! at the moss hummock of the tussock tundra to 70 mg CO*m2*d" at
the low apex of the polygonal tundra. This wide range occurred although the microclimatic
conditions for both moss and soil at both of these microsites were comparable during the
experimental periods. On the other hand, the net system flux observed at the very wet
depression of the tussock tundra in the Southern Tundra zone was about the same as at the
drier low apex site of the polygonal tundra in the Typical Tundra zone. This indicates the net
CO; flux of the soil-moss system at the different microsites to be a site specific quantity,

dependent on the individual ratio between soil respiration and moss photosynthesis.

The relative reduction of the CO; efflux from soil and moss respiration by the gross
photosynthesis of the mosses showed no clear pattern as related to microclimatic site
characteristics or magnitudes of the single CO; fluxes. It is obvious, however, that both
fluxes, soil and moss respiration and moss photosynthesis, were in the same order of
magnitude at each specific site, as expressed by the relative daily reduction values ranging
from 35 -99 % between sites. Considering the ranges of daily soil and moss respiration rates
(1900-9400 mg CO*m™*d™") and gross moss photosynthesis (700-5600 mg CO,*m™*d™)
between sites, the relative reduction values are fairly constant. Sites with high soil and moss
respiration rates showed also high rates of moss photosynthesis, sites with low respiration
rates achieved low photosynthetic yield.

One explanation for this pattern is based on the microclimate of the site: The multiple
experiments performed at the same microsite identified the water table to have a large
influence on the single CO; fluxes of the soil-moss system at a specific site. Soil respiration

rates decreased with a rising water table, most substantially when the water table was closely
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below the soil surface (see also chapter 5.1.2). However, besides this direct influence on soil
respiration, a high water table also reduced the temperatures of the uppermost soil horizons as
well as of the moss layer. Furthermore, the increased CO, concentration in the immediate
environment of the moss will most probably be reduced due to lower CO; production by soil
respiration (see above). Both factors led to a reduced photosynthetic yield of the mosses.
Consequently, both contributors to the net CO, flux of the soil-moss system, soil respiration
and moss photosynthesis, were reduced by a rising water table. The side to which the decrease
was biased was dependent on the ratio between soil and moss temperature, and on the
irradiance level of the very day in combination with the photosynthetic characteristics of the
mosses. In the case of the two experiments at the low apex of the polygonal tundra, a higher
water table resulted in a lower net CO; flux of the soil-moss system, whereas in the case of the
experiments at the depression of the polygonal tundra a lower water table caused a lower net
CO; flux.

Another reason for the relative similarity of soil respiration and moss photosynthesis at a
specific site can be found in the species composition and the photosynthetic capacity of the
moss communities: At the wet sites with low soil respiration rates, depression of the tussock
tundra (TD), wet sedge tundra (WS), and depression of the polygonal tundra (PD), mosses
with a low photosynthetic capacity occurred. The warmer and drier microsite with higher soil
respiration rates, moss hummock of the tussock tundra (TH) and low apex of the polygonal

tundra (PL.), were covered by moss communities with higher photosynthetic capacity.

An important aspect of the soil-moss system in the context of ecosystem CO, fluxes is the
position of the water table. As mentioned above, all mosses investigated in the scope of this
study were capable to use the soil water as water supply. A lowering of the water table will
result in an increase of both soil respiration rates and photosynthetic rates of the mosses (see
above). The latter process, however, can only function as long as the mosses keep about their
optimum water content. The water content of the photosynthetically most active tips of the
moss shoots decreases sharply when the water table falls below a certain species dependent
limit (Clymo and Hayward 1982). In this case, photosynthetic rates of most mosses will
decrease sharply as well (e.g. Lee and Stewart 1971, Oechel and Collins 1976, Sveinbjérmsson
and Oechel 1978). A lowering of the water table below a microsite-specific limit will thus
have a double effect on the CO, fluxes of the soil-moss system. First, soil respiration rates

will increase because of a larger respiring volume (see chapter 5.1.2). Second, the buffer
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function of moss photosynthesis on the CO, efflux from soil respiration will be lost due to a

ceasing of photosynthesis.

An additional aspect of the net CO; flux of the soil-moss system and the relative reduction of
the CO; effluxes from the soil by the photosynthesis of the mosses is the recycling of carbon
in the organic layer. In particular during periods of negative net CO; fluxes (i.e. a net efflux of
CO, from the soil-moss system to the atmosphere), the predominant source of CO, for moss
photosynthesis will be derived from soil respiration. The ratio of assimilated CO; originating
from the atmosphere on one hand and soil respiration on the other hand will be determined by
the magnitude of the net system flux (see also above), wind speed (Silvola 1986), and
boundary layer characteristics of the site as determined by its position in microrelief and the
structure of the vascular plant canopy. Systematic studies of this phenomenon have not been
performed for moss carpets or turfs yet, but an estimate for the much more open structure of a
deciduous forest based on isotopic ratios showed that the share of soil-respired carbon was
22 % in shade leaves of the lower tree canopy (Schleser and Jayasekera 1985). For the much
denser structure of moss carpets and cushions an even higher share can be expected. This
aspect has to be considered e.g. for dating the carbon age of peat profiles. In recent studies,
decreasing carbon accumulation rates (as suggested by radiocarbon signals) in younger parts
of profiles have been interpreted as a decrease of site productivity (e.g. Ikonen 1993, Kuhry
and Vitt 1996). The findings of the present study suggest that this effect may also be based on

the increased recycling of soil-respired carbon in a peat profile increasing in depth.
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6.3 Tundra System CO; Fluxes: Contributions of the Subsystems

From the rather limited data base of “whole system** CO, fluxes obtained in the scope of this
study, only restricted conclusions can be drawn. The very wet site depression of the polygonal
tundra was a strong sink for atmospheric carbon dioxide during the two diurnal experiments,
Carbon was accumulated with rates of 1.3 and 1.6 g C*m™2*d"". This is in the range of the
maximum daily accumulation rates Tenhunen ef al. (1992) calculated for the tussock tundra of
Imnavait Creek, Alaska.

The bulk of the CO; gain at the depression of the polygonal tundra was contributed by the
photosynthesis of the vascular plants, 26 and 31 % of the total gain was due to moss
photosynthesis. The regression suggests that vascular plant photosynthesis -mainly by Carex
stans and Dupontia fisheri- was not light saturated until about 700 pmol*m™>*s”. However,
the lack of leaf temperatures constrain the meaningfulness of these results. Oberbauer et al.
(1996b) obtained in situ light saturation for Carex bigelowii at 15°C between
500 and 700 pmol*m™?*s™', which is in correspondence with several other studies on arctic
vascular plants (Tieszen 1973, 1975, 1978b, Johnson and Tieszen 1976, Limbach ef al. 1982,
Semikhatova ef al. 1992), and may also apply to the species investigated in this study. In any
case, vascular plant photosynthesis saturated at higher irradiance levels as compared to moss
photosynthesis, so that assimilation by the vascular plants can be constrained by overcast
conditions (Tenhunen et al. 1994, 1995). The total daily PPFD values of both experiments
were nevertheless too similar to deduce differences in assimilation rates from differences in
irradiance. The theory of Semikhatova (1992) that about a quarter of the vascular plants’
carbon gain in arctic areas may occur between 22:00 and 04:00 did clearly not apply for the
late July and early August experiments of the present study, since photosynthetic rates of the
vascular plants during these periods were almost negligible. The photosynthetic efficiency of
the vascular plants was smaller than the one of the mosses (see chapter 5.2.1), resulting in a
less steeper increase of vascular plant photosynthetic rates with light. This cifference in
response to low light levels explains the observation that moss photosynthetic rates exceeded
those of vascular plants during nights. Another limiting factor to vascular plant photosynthesis
is stomatal conductance. Diurnal observations of photosynthesis in tussock tundrz in Alaska
(Gebauer 1994) did not reveal significant stomatal closure. However, cold soil temperatures

are known to cause decreases of stomatal conductance in high arctic plants (Dawson and Bliss
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1989). This suggests that also at waterlogged sites, stomatal conductance may limit CO,
uptake by vascular plants.

Aboveground vascular plant respiration accounted for only about 10 % of the whole system
respiration at the depression of the polygonal tundra. This comparatively low value reflects
the fact that in wet tundra systems 85 to 98 % of the biomass are belowground (Billings et al.
1977). The percentage of belowground biomass at the depression of the polygonal tundra was
98.3 % in this study, but no separation of living and dead roots was performed.

Moss photosynthesis had an important effect on the CO, efflux from the depression of the
polygonal tundra, also with respect to whole system fluxes. The net system CO; flux of the
soil-moss system was only slightly negative during two diurnal experiments, because 73 and
81 % of the CO, efflux originating from soil respiration was buffered by moss photosynthesis.
The factor controlling the magnitude of net system CO; flux of the “whole system* at the
depression of the polygonal tundra was position of the water table. With a water table position
at 1 cm below soil surface, the total carbon gain of the system was 1.6 g C*m™2*d"!, whereas
with a water table position of 4 cm below soil surface, only 1.3 g C*m™?*d"! was gained. The
effect of water table induced variations in soil respiration on diurnal tundra net system flux
may best be visualized as a shift of the zero line. The zero line, on which the carbon gain by
assimilation can add on, decreases with lower water table positions (due to higher soil
respiration rates), and increases with higher water table positions (due to lower soil respiration
rates). Oberbauer et al. (1996b) showed these zero point shifts -due to changes in soil water
table and soil temperature- to be in the same order of magnitude as day to day variations of
assimilation rates -due to aboveground climatic effects. The observed pattern is also in
correspondence with the findings of Tenhunen et al. (1992), who showed that changes in the
net CO, system flux of tussock tundra in Alaska was best explained by changes in soil water
table and irradiance.

Thus, overall diurnal carbon balance of wet tundra is depending on the interplay of irradiance,

soil water table and soil temperature.
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6.4 Tundra Carbon Budgets: a Matter of Scaling

The dependence of any description on the scale of the measurement is one of the fundamental
paradoxes in physics, and applies for ecology in the same manner. The data presented and
discussed here are based on a time scale of days and a spatial scale of square centimetres. Any
conclusions that derive from upscaling these data are constrained by the fact that not the single
process determines the final result but their system specific linking (Levin 1993, Belovsky
1994). Nevertheless, this section aims to outline a framework of factors which have to be
considered in the scope of tundra carbon budgets, when the scale is shifted upwards both in

space and time.

Scaling in space

The CO; efflux by soil respiration of the different tundra types was calculated on the basis of
the representative area shares of the investigated microsites. The obtained values, however,
have to be regarded as estimates, since they are based on the obviously critical assumption
that the investigated microsites covered the whole range of heterogeneity of the particular
tundra type. Nonetheless, the overall pattern obtained may comprise some hints on the CO,
efflux of different types of tundra. Due to relatively small area shares, the high daily CO,
effluxes of the dry microsites were widely attenuated, when looking at tundra types rather than
microsites. All tundra types showed about similar carbon losses by CO,; efflux, ranging from
1.1 g C*m™*d"! (polygonal tundra, wet sedge tundra) to 1.6 g C*m*d! (tussock tundra). The
highest absolute CO, losses in terms of soil respiration were calculated for the tussock tundra
both with original microclimatic conditions and with a set of scenarios comprising altered soil
temperatures and positions of water table. However, the highest relative potential of soil
respiration to change under altered microclimatic scenarios was calculated for the wet sedge
tundra. With a scenario suggested to occur in tundra as a consequence of the anticipated
climate change (Rowntree 1997), comprising a soil temperature at 2 cm depth increased by
4°C and a water table position lowered by 4 ¢cm, daily CO, efflux rates of the wet sedge tundra
more than doubled in the present study, whereas the efflux in tussock tundra increased by only
56 %. This is in contrast to a study of Oechel et al. (1993), who stated that tussock tundra has
the highest potential for carbon loss under conditions likely to occur with the anticipated
climate change. The explanation for the high potential of the wet sedge tundra bases on its

homogeneously wet character, without intermittent drier areas. The potential of soil
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respiration to change with water table position and temperature is greatest at wet sites (see

chapter 5.1.4), and consequently, in tundra types with the largest wet area shares.

It was not the aim of this study to realistically predict landscape fluxes. The strong point of
chamber measurements -as clearly pointed out in this study- is on the side of revealing
patterns of single processes. Landscape fluxes can be best determined by eddy correlation
techniques (e.g. Fan ef a/. 1995, Baldocchi ef a/. 1996), which are on the other side not
approriate for assigning patterns to single processes. Chamber studies within the fetches of
eddy correlation towers (e.g. Nordstrem and Sommerkorn, unpublished data) proved to

perfectly complement each other.

Scaling in time

The data of this study were captured during the second half of the summer season. No
seasonal changes of CO, fluxes could be found within the about three weeks experimental
period. Several reasons for seasonal changes of CO; fluxes exist in tundra. With reference to
soil respiration, the position of the frost table at the beginning of the summer season is
suggested to affect CO, efflux from soils through the same mechanism as water table
(Oberbauer et al. 1996b). At the end of the season, when a frozen layer forms at the soil
surface, frost may affect CO; efflux by restricting diffusion from still unfrozen lower horizons
to the atmosphere (Zimov et al. 1996). The availability of carbon for microbial processes is
thought to be greatly enhanced early in the season, due to frost-cracking of organic matter
aggregates during winter and concomitant low turnover rates (Flanagan and Bunnel 1980,
Schimel and Clein 1996).

Until recently, any upscaling of CO; fluxes to an annual scale in arctic areas was limited by a
lack of winter observations. It was thus not possible to calculate yearly budgets. Within the
last years, effort was undertaken to close this gap of knowledge. The results indicate that
winter CO, efflux from tundra is considerable. Although the total magnitude of fluxes is
comparatively small (Zimov et al. 1993, 1996), extremely high O,y values at temperatures
below 0°C (Sommerkorn, unpublished data), and very long winter seasons, let winter
(October to May) CO,; effluxes become an estimated share of 61 and 80 % of the yearly CO,
efflux from tussock tundra and wet sedge tundra, respectively (Oechel ef al. 1997). Even if
these estimates may be high, due to wide interpolated periods, the clear implication of the
findings is that estimates of the CO, efflux from tundra systems calculated earlier profoundly
underestimated gaseous carbon loss on the yearly basis. However, no winter data exist for the

sites investigated in this project, due to the lack of permanent stations and logistics.
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In terms of “whole system* CO, fluxes, seasonal changes mainly refer to phenology.
Photosynthetic CO;, uptake during early season depends on biomass development, i.e. on LAJ,
of deciduous and graminoid species (Tenhunen et al. 1994, Hahn et al 1996)..A1though
Semikhatova et al. (1992) report evergreen arctic shrubs to emerge from the snow with
photosynthetic rates near to their mid season maximum, other studies (Gebauer, unpublished,
c.f. Oberbauer 1996b) show that during the first days following snow melt photosynthetic
rates are low. At the end of the season, evergreen species maintain high photosynthetic rates,
while those of deciduous and graminoid species were reduced as comparéd to those at mid
season (Tieszen 1975). This observation is explained by leaf senescence or cold hardening
(Defoliart et al. 1988). Vascular plants also have strong seasonal changes in above- and
belowground activity that influence the CO, efflux rates (McNulty and Cummins 1987).
Moore (1989) suggested that such phenological trends were responsible for strong seasonal

changes in CO; efflux from fen sites.

The remarks made in this section show that predicting overall carbon budgets on the basis of
summer CO, fluxes is extremely error-prone, in particular in tundra areas. The need of

continuous year-round measurements of CO; fluxes is evident.

Estimating the response of tundra carbon budgets to long-term climatic changes has
furthermore to consider nutrient availability and cycling (Nadelhoffer ez al. 1992, Jonasson et
al. 1993,), nutrient competition between plants and microbes (Michelsen et al. 1995, Jonasson
et al. 1996), quality of litter and soil organic matter decomposition (Nadelhoffer et al. 1997),
productivity and production/biomass ratios of vascular plants (Oechel and Billings 1992),
changes in the vegetation structure (Callaghan and Jonasson 1995, Chapin et al. 1997), the
fate of the thermal insulating and CO, efflux buffering moss carpets (Tenhunen et al. 1992),
and the fate of the organic soil horizons under altered thermal and hydrological regimes (Kane
et al. 1992).

Shifts of ecosystem structure and function in response to climate changes will occur on the
same axes as existing patterns and gradients (Tenhunen ef al. 1992). Microsites comprise the
long-term information of biotic and abiotic regimes within their structure and function.
Therefore, the spatial variability of CO, fluxes, as expressed by the different microsites

investigated in the present study, can also be understood as a link to future projections.
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Other carbon losses

When estimating total carbon losses from wet tundra some additional processes has to be
considered. First of all, methane production is a major microbial process in wetlands
(Matthews and Fung 1987). Northern wetlands (i.e. wet tundra, mires, bogs, and fens, north of
60°N) contribute with about 20 % to the methane emissions world-wide (Vourlitis and Oechel
1997). At a depression of the polygonal tundra, directly adjacent to the experimental site of
the present study, Gundelwein (1997) has measured mean daily methane emissions of
76 mg CHy*m™*d”', whereas already at the low apex a mean of only 3 mg CHy*m™*d" was
obtained. This accounts for 5.5 % and 0.2 % of the gaseous carbon losses by CO; at these
sites, respectively. Methane emissions are a sum of two processes. The production of methane
is strictly limited to anaerobic horizons, whereas in higher aerobic horizons methane is
oxidized again (Christensen 1993). As pointed out in chapter 5.1.2, the anaerobic soil zone in
wet tundra types is about identical with the horizons below the water table (Whalen et al.
1996). The mean water table position of about 11 cm below the soil surface at the low apex of
the polygonal tundra obviously provided sufficient aerated volume to reduce the methane
production at this site to very low emission rates. This suggests that considerable carbon loss
by methane emissions ean occur in the wet sedge tundra and the depression of the tussock
tundra as well, but would probably not contribute to the carbon loss of both moss hummock
and tussock of the tussock tundra.

Methane emissions are believed to occur also during winter, although probably with only very

patchy distribution (Whalen and Reeburgh 1988, Samarkin ef al. 1993).

The second process to consider when calculating carbon budgets in wet tundra types is the
lateral loss of dissolved organic matter (Koprivnjak and Moore 1992), presumably in form of
highly mobile fulvic acids (Gundelwein 1997), or carbohydrates leached from plant roots
(Topp and Pattey 1997). Kling er al. (1991) calculated this effect to account for carbon losses
in the range of 20 % of those by soil respiration in tundra regions, in particular in downslope
areas (Johnson et al. 1996). During massive flooding events following spring ablation, also

plant detritus can be exported to aquatic systems (Chapin ef a/. 1980).

An often ignored loss of carbon from the plant-soil system is through herbivore grazing, e.g.
by microtines, geese, reindeers and musk-ox. While the impact of the ungulates on vegetation
seems to be highly variable in space (White er al. 1981), the impact of the microtine
population varies drastically from year to year (Batzli 1981). Consequently, the effect of

herbivore grazing on tundra systems is hard to quantify.
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Table Al. Daily means of ambient temperature and PPFD (2 m) during field season 1995 at Lake Labaz.

date daily means of ambient daily total of PPFD

temperature (°C) (mol*m*d?)
21.07.95 8.1 13.6
22.07.95 8.9 14.0
23.07.95 16.0 394
24.07.95 15.4 40.3
25.07.95 16.2 39.4
26.07.95 152 36.5
27.07.95 13.6 21.8
28.07.95 13.5 20.2
29.07.95 12.1 20.4
30.07.95 11.7 24.5
31.07.95 10.3 20.1
01.08.95 6.9 18.0
02.08.95 9.0 26.4
03.08.95 9.6 18.3
04.08.95 9.4 26.4
05.08.95 7.1 17.9
06.08.95 9.3 31.0
07.08.95 10.2 12.8
08.08.95 93 25.3
09.08.95 9.4 18.3
10.08.95 8.3 33.1
11.08.95 12.9 29.4
12.08.95 16.2 25.7
13.08.95 11.4 6.8
14.08.95 9.8 13.0
15.08.95 4.5 20.0
16.08.95 39 24.4
17.08.95 8.3 28.4
18.08.95 12.3 277
19.08.95 14.5 24.0
20.08.95 14.8 23.6
21.08.95 15.6 25.7
22.08.95 13.8 10.8
23.08.95 127 18.1
24.08.95 12.4 20.8
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Table A2. Daily means of ambient temperature and PPFD (2 m) during field season 1996 at Lake Levinson-
Lessing.

date daily means of ambientdaily total of PPFD
temperature (°C) (mol*m**d’)
28.07.96 9.6 12.7
29.07.96 10.2 233
30.07.96 9.8 213
31.07.96 11.8 19.6
01.08.96 13.7 28.3
02.08.96 13.1 11.1
03.08.96 11.3 8.2
04.08.96 6.5 9.7
05.08.96 3.7 4.7
06.08.96 4.0 4.5
07.08.96 5.2 14.4
08.08.96 7.9 18.5
09.08.96 6.9 20.1
10.08.96 9.0 14.8
11.08.96 5.7 14.0
12.08.96 2.2 7.2
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Fig. A20. Validated range of soil respiration model from polygonal tundra, low apex (PL), and analysis of model
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Fig. A21. Modelled course of soil respiration and measured soil respiration values in polygonal tundra,
depression (PD), as well as soil temperature in 2 ¢m depth and depth to water table.
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Fig. A22. Validated range of soil respiration model from polygonal tundra, depression (PD), and analysis of
model quality (measured versus predicted values, relative model residuals versus soil temperature in 2 cm depth
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Fig. A23. Soilrespiration in tussock tundra, moss hummock (TH), modelled with three different scenarios:
original parameter values, warmer and conditions (soiltemperature 2 cm original +4°C, water table original
-4 ¢m), and cooler wetter conditions (soiltemperature 2 cm original -4°C, water table original +4 cm).
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Fig. A24. Soilrespiration in tussock tundra, depression (TD), modelled with three different scenarios: original
parameter values, warmer and conditions (soiltemperature 2 ¢cm original +4°C, water table original -4 cm), and
cooler wetter conditions (soiltemperature 2 cm original -4°C, water table original +4 cm).
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Fig. A25. Soilrespiration in wet sedge tundra (WS), modelled with three different scenarios: original parameter
values, warmer and conditions (soiltemperature 2 cm original +4°C, water table original -4 cm), and cooler
wetter conditions (soiltemperature 2 cm original -4°C, water table original +4 cm).
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Fig. A26. Soilrespiration in polygonal tundra, high apex (PH), modelled with three different scenarios: original
parameter values, warmer and conditions (soiltemperature 2 cm original +4°C, water table original -4 cm), and
cooler wetter conditions (soiltemperature 2 ¢cm original -4°C, water table original +4 cm).
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Fig. A27. Soilrespiration in polygonal tundra, low apex (PL), modelled with three different scenarios: original
parameter values, warmer and conditions (soiltemperature 2 cm original +4°C, water table original -4 cm), and
cooler wetter conditions (soiltemperature 2 cm original -4°C, water table original +4 cm).
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Fig. A28. Gross photosynthesis models of the different microsites. Graphs show dependence of gross moss
photosynthesis on moss temperature and PPFD over the observed parameter range of each microsite.
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Table A 3. Microsite characteristics used for the Spearman rank correlation analysis.

mean

mean

mean

soil respiration  soil temp. soil temp

mean mean mean

soiltemp. soil temp. water table permafrost organic

mean

thickness

(mgCO2/m 2q) (surface) .(2cm) (5cm) (10cm) (cm) (cm) layer (cm)
tussock tundra. tussock (TT) 10883 14.6 134 11 9.6 219 55.2 4
tussock tundra. moss humnmock (TH) 6662 14.2 13 10.2 9.3 17.9 51 8
tussock tundra. depression (TD) 2565 12.9 8.6 7.5 5.9 37 43 17
wet sedge tundra (WS) 4033 9.2 8 7 5.8 2.1 50 13
polygonal tundra. high apex (PH) 4659 8.6 6.8 57 4.7 3179 31 7
polygonal tundra.low apex (PL) 4299 9.5 7 5.4 4 8 22.7 9
polygonal tundra. depression (PD) 3790 9.3 8.4 7.1 53 0.7 28.9 5
continued

bulk density carbon content aboveground belowground bacterial

uppermost uppermost horizon  biomass vascular biomass vascular biomass 0-2 cm

horizon (g/cmj ) (% DW) plants (gTG/m*)  plants (8TG/m?)  (ugClgDW)
tussock tundra. tussock (TT) 0.4 11 369.6 4239 7.08
tussock tundra. moss hummock (TH)
tussock tundra. depression (TD) 0.21 41.8 129.4 4310 7.02
wet sedge tundra (WS) 0.46 31.6 176.9 8360 29.38
polygonal tundra. high apex (PH) 0.46
polygonal tundra.low apex (PL) 0.28 13.1 1476
polygonal tundra. depression (PD) 0.35 17.5 55.84 3388 3,61
continued

bacterial annual production daily gross vascular plant

biomass 2-5 cm  vascular plants photosynthesis moss  production/

(ugC/gDW) (8TG/m?) (mgCO2/m’d) soil respiration
tussock tundra. tussock (TT) 223 111.1 0.71
tussock tundra. moss hummock (TH) 4798
tussock tundra. depression (TD) 13.23 41.6 1205 1.13
wet sedge tundra (WS) 16.21 156.5 694 2.71
polygonal tundra. high apex (PH)
polygonal tundra.low apex (PL) 11.58 4068
polygonal tundra. depression (PD) 331 55.84 2494 1.03
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Heft-Nr. 98/1991 —  Zur Besiedlungsgeschichte des antarktischen Schelfes am Beispiel der
Isopoda (Crustacea, Malacostraca)”, von Angelika Brandt
Heft-Nr. 99/1992 — “The Antarctic ice sheet and environmental change: a three-dimensional
modelling study”, by Philippe Huybrechts

* Heft-Nr. 100/1992 - , Die Expeditionen ANTARKTIS [X/1-4 des Forschungsschiffes ,Polarstern®
1990/91%, herausgegeben von Ulrich Bathmann, Meinhard Schulz-Baldes,
Eberhard Fahrbach, Victor Smetacek und Hans-Wolfgang Hubberten
Heft-Nr. 101/1992 —  Wechselbezichungen zwischen Schwermetallkonzentrationen
S;Cd’ Cu, Pb Zn/lim Meewasser und in Zooplanktonorganismen (Copepoda) der

rktis und des Atlantiks*, von Christa Pohl

Heft-Nr. 102/1992 — , Physiologie und Ultrastruktur der antarktischen Grinalge
Prasiola crispa ssp. antarctica unter osmotischem StreB8 und Austrocknung”, von Andreas Jacob
Heft-Nr. 103/1992 - ,Zur Okologie der Fische im Weddelmeer*, von Gerd Hubold

Heft-Nr. 104/1992 — ,,Mehrkanalir?e adaptive Filter fir die Unterdriickung von multiplen Reflexionen
in Verbindung mit der freien Oberflache in marinen Seismogrammen®, von Andreas Rosenberger
Heft-Nr. 105/1992 - ,Radiation and Eddy Flux Experiment 1991

(REFLEX [)*, von Jorg Hartmann, Christoph Kottmeier und Christian Wamser

Heft-Nr. 106/1992 - , Ostracoden im E ipela%ial vor der Antarktischen Halbinsel - ein Beitrag zur
Systematik sowie zur Verbreitung und Populationsstruktur unter Berticksichtigung der Saisonalitat®,
von Ridiger Kock

Heft-Nr. 107/1992 — AARCTIC ‘91: Die Expedition ARK-VHI/3 mit FS ,Polarstern” 1991*,

von Dieter K. Fltterer

Heft-Nr. 108/1992 -, Dehnungsbeben an einer Stérungszone im Ekstrém-Schelfeis nérdlich der
Georg-von-Neumayer Station, Antarktis. — Eine Untersuchung mit seismologischen und geodéatischen
Methoden”, von Uwe Nixdorf.

Heft-Nr. 109/1992 — , Spatquartdre Sedimentation am Kontinentalrand des stddstlichen
Weddellmeeres, Antarktis”, von Michael Weber.

Heft-Nr. 110/1992 - , Sedimentfazies und Bodenwasserstrom am Kontinentalhang des
nordwestlichen Weddellmeeres”, von Isa Brehme.

Heft-Nr. 111/19982 ~  Die Lebensbedingungen in den Solekan&ichen des antarktischen Meereises”,
von Jlrgen Weissenberger.

Heft-Nr. 112/1992 — Zur Taxonomie von rezenten benthischen Foraminiferen aus dem

Nansen Becken, Arktischer Ozean“, von Jutta Wollenburg.

Heft-Nr. 113/1992 -  Die Expedition ARKTIS ViIl/1 mit FS “Polarstern® 1991*,

herausgegeben von Gerhard Kattner.

* Heft-Nr. 114/1992 —  Die Griindungsphase deut - "
et Nr. 1141992 D gsphase deutscher Polarforschung, 1865-1875",

Heft-Nr. 115/1992 - , Scientific Cruise Report of th i iti
of RV “Polarstern” (EF”OS iy”, by Eike Racﬁor. of the 1991 Arctic Expedtion ARK VIIl/2

Heft-Nr. 116/1992 ~ , The Meteorological Data of th -von- - i i
for 1988, 1989, 1990 and 1991”, by Gert Kéniz-ol_angelogeorg von-Neumayer-Station (Antarotica)

Heft-Nr. 117/1992 -, Petrogenese des metamorphen Grundgebi i j
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Heft-Nr. 118/1993 — , Die mafischen Gange der Shackleton Ra A ika: i
Geochemie, Isotopengeochemie und Palgomagnetik”, von Rudri]ggeer/Hongthlka' Pelrographie,

* Heft-Nr. 119/1993 - Gefrierschutz bei Fischen der Polarmeere”, von Andreas P.A. Wohrmann.

* Heft-Nr. 120/1993 -, East Siberian Arctic Region Expedition '92; The Lapt - its Signifi
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* Heft-Nr. 121/1993 -, Die Expedition ANTARKTIS X/3 mit FS 'Polarstern' 1992”, herausgegeben von
Michael Spindler, Gerhard Dieckmann und David Thomas.

Heft-Nr. 122/1993 - ,Die Beschreibung der Korngestalt mit Hilfe der Fourier-Analyse: Parametrisierung
der morphologischen Eigenschaften von Sedimentpartikeln”, von Michael Diepenbroek.

Heft-Nr. 123/1993 -, Zerstérungsfreie hochaufldsende Dichteuntersuchungen mariner Sedimente”,
von Sebastian Gerland.

Heft-Nr. 124/1993 -, Umsatz und Verteilung von Lipiden in arktischen marinen Organismen unter
besonderer Beriicksichtigung unterer trophischer Stufen”, von Martin Graeve.

Heft-Nr, 125/1993 -, Okologie und Respiration ausgewahiter arktischer Bodenfischarten”,

von Christian F. von Dorrien.

Heft-Nr. 126/1993 - , Quantitative Bestimmung von Paldoumweltparametern des Antarktischen_. .
Oberflachenwassers im Spatquartar anhand von Transferfunktionen mit Diatomeen”, von Ulrich Zielinski

Heft-Nr. 127/1993 - ,Sedimenttransport durch das arktische Meereis: Die rezente lithogene
und biogene Materiaifracht®, von Ingo Wollenburg.

Heft-Nr. 128/1993 — , Cruise ANTARKTIS X/3 of RV 'Polarstern': CTD-Report”, von Marek Zwierz.

Heft-Nr. 129/1993 - Reproduktion und Lebenszyklen dominanter Copepodenarten aus dem
Weddelimeer, Antarktis”, von Frank Kurbjeweit

Heft-Nr. 130/1993 — , Untersuchungen zu Temperaturre%me und Massenhaushalt des
Filchner-Ronne-Schelfeises, Antarktis, unter besonderer erlcksichtigung von Anfrier- und
Abschmelzprozessen”, von Klaus Grosfeld

Heft-Nr. 131/1993 -, Die Expedition ANTARKTIS X/5 mit FS 'Polarstern’ 1992",

herausgegeben von Rainer Gersonde

Heft-Nr. 132/1993 ~ , Bildung und Abgabe kurzkettiger halogenierter Kohlenwasserstoffe durch
Makroalgen der Polarregionen®, von Frank Laturnus

Heft-Nr. 133/1994 - "Radiation and Eddy Fiux Experiment 1993 (REFLEX /])",

by Christoph Kottmeier, J6rg Hartmann, Christian Wamser, Axel Bochert, Christof LUpkes,
Dietmar Freese and Wolfgang Cohrs

Heft-Nr. 134/1994 — "The Expedition ARKTIS-1X/1”, edited by Hajo Eicken and Jens Meincke

Heft-Nr. 135/1994 - Die Expeditionen ANTARKTIS X/6-8”, herausgegeben von Ulrich Bathmann,
Victor Smetacek, Hein de Baar, Eberhard Fahrbach und Gunter Krause

Heft-Nr. 136/1994 - ,Untersuchungen zur Ernéhrungsdkologie von Kaiserpinguinen (Aptenodytes forsteri)
und Kénigspinguinen (Aptenodytes patagonicus)”, von Klemens Ptz

Heft-Nr. 137/1994 ~  Die kdnozoische Vereisungsgeschichte der Antarktis”, von Werner U. Ehrmann
Heft-Nr. 138/1994 - ,,Unter_suc;hun%%n stratosphérischer Aerosole vulkanischen Ursgorungs und polarer
stratospharischer Wolken mit einem Mehrwellenldngen-Lidar auf Spitzbergen (79°N, 12°E)";

von Georg Beyerle

Heft-Nr, 139/1994 -  Charakterisierung der Isopodenfauna (Crustacea, Malacostraca)

des Scotia-Bogens aus biogeographischer Sicht: Ein multivariater Ansatz”, von Holger Winkler.

Heft-Nr. 140/1994 -, Die Expedition ANTARKTIS X/4 mit FS 'Polarstern' 1992”,
herausgegeben von Peter Lemke

Heft-Nr. 141/1994 — , Satellitenaltimetrie (ber Eis - Anwendung des GEOSAT-Altimeters (iber dem
Ekstromisen, Antarktis”, von Clemens Heidland
Heft-Nr. 142/1994 - “The 1993 Northeast Water Expedition. Scientific cruise report of RV’Polarstern’
Arctic cruises ARK 1X/2 and 3, USCG ‘Polar Bear’ cruise NEWP and the NEWLand expedition®,
edited by Hans-Jirgen Hirche and Gerhard Kattner
Heft-Nr. 143/1994 —  Detaillierte refraktionsseismische Untersuchungen im inneren Scoresby Sund
Ost-Gronland”, von Notker Fechner
Heft-Nr. 144/1994 — ,Russian-German Cooperation in the Siberian Shelf Seas: Geo-System
Laptev Sea", edited by Heidemarie Kassens, Hans-Wolfgang Hubberten, Sergey M. Pryamikov
und Rudiger Stein
Heft-Nr. 145/1994 — . The 1993 Northeast Water Expedition. Data Report of RV ‘Polarstern’
Arctic Cruises IX/2 and 3*, edited by Gerhard Kattner and Hans-Jurgen Hirche.
Heft-Nr. 146/1994 — "Radiation Measurements at the German Antarctic Station Neumayer
1982-1992%, by Torsten Schmidt and Gert Konig-Langlo.
Heft-Nr. 147/1994 — Krustenstrukturen und Verlauf des Kontinentalrandes im
Weddell Meer / Antarktis®, von Christian Hiibscher.
Heft-Nr. 148/1994 - "The expeditions NORILSK/TAYMYR 1993 and BUNGER OASIS 1993/94
of the AWI Research Unit Potsdam®, edited by Martin Melies.
*x Heft-Nr. 149/1994 — "Die Expedition ARCTIC' 93. Der Fahrtabschnitt ARK-1X/4 mit

FS ‘Polarstern’ 1993”, herausgegeben von Dieter K. Flitterer.

Heft-Nr. 150/1994 - "Der Energiebedarf der Pygoscelis-Pinguine: eine Synopse”, von Boris M. Culik.
Heft-Nr. 151/1994 -, Russian-German Cooperation: The Transdrift | Expedition to the Laptev Sea”,
edited by Heidemarie Kassens and Valeriy Y. Karpiy.

Heft-Nr. 152/1994 — , Die Expedition ANTARKTIS-X mit FS ‘Polarstern’ 1992. Bericht von den
Fahrtabschnitten / ANT-X / 1a und 2", herausgegeben von Heinz Miller.

Heft-Nr. 153/1994 — "Aminosauren und Huminstoffe im Stickstoffkreisiauf polarer Meere”,

von Ulrike Hubberten.

Heft-Nr. 154/1994 - "Regional und seasonal variability in the vertical distribution of mesozooplankton
in the Greenland Sea”, by Claudio Richter.
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Heft-Nr. 156/1995 - "Benthos in polaren Gewassern”, herausgegeben von Christian Wiencke und Wolf Amtz.

Heft-Nr. 156/1995 - "An ad{oint model for the determination of the mean oceanic circutation, air-sea
fluxes und mixing coefficients”, by Reiner Schlitzer.

Heft-Nr. 157/1995 - "Biochemische Untersuchungen zum Lipidstoffwechsel antarktischer Copepoden”,

von Kirsten Fahl.

Heft-Nr. 158/1995 - "Die Deutsche Polarforschung seit der Jahrhundertwende und der EinfluB Erich von Drygalskis”,
von Cornelia Lidecke.

Heft-Nr. 159/1995 - The distribution of 9'*0 in the Arctic Ocean: Implications for the freshwater balance of the halocline
and the sources of deep and bottom waters”, by Dorothea Bauch.

Heft-Nr. 160/1995 — "Rekonstruktion der spatguartéren Tiefenwasserzirkulation und Produktivitat im &stlichen
Sudatlantik anhand von benthischen Foraminiferenvergeselischaftungen”, von Gerhard Schmied!.

Heft-Nr. 161/1995 — "Der EinfluB von Salinitat und Lichtintensitat auf die Osmolx}kqnzentrationen, die Zellvolumina
und die Wachstumsraten der antarktischen Eisdiatomeen Chaetoceros sp. und Navicula sp. unter besonderer
BerUcksichtigung der Aminoséaure Prolin”, von Jirgen Nothnagel.

Heft-Nr. 162/1895 - "Meereistransportiertes lithogenes Feinmaterial in spatguartéren Tiefseesedimenten des zentralen
Ostlichen Arktischen Ozeans und der FramstraBe”, von Thomas Letzig.

Heft-Nr. 163/1995 - "Die Expedition ANTARKTIS-XI/2 mit FS “Polarstern* 1993/94",
herausgegeben von Rainer Gersonde.

Heft-Nr. 164/1995 — "Regionale und altersabhangige Variation gesteinsmagnetischer Parameter in marinen
Sedimenten der Arktis”, von Thomas Frederichs.

Heft-Nr. 165/1995 -~ "Vorkommen, Verteilung und Umsatz biogener organischer Spurenstoffe: Sterole in antarktischen
Gewassern”, von Georg Hanke.

Heft-Nr. 166/1995 - "Vergleichende Untersuchungen eines optimierten dynamisch-thermodynamischen Meereismodells
mit Beobachtungen im Weddellmeer®, von Holger Fischer.

Heft-Nr. 167/1995 - "Rekonstruktionen von Paldo-Umweltparametern anhand von stabilen Isotopen und
Faunen-Vergesellschaftungen planktischer Foraminiferen im Sitdatlantik™, von Hans-Stefan Niebler

Heft-Nr. 168/1995 - "Die Expedition ANTARKTIS Xl mit FS ‘Polarstern’ 1993/94.
Bericht von den Fahrtabschnitten ANT Xil/1 und 2", herausgegeben von Gerhard Kattner und Dieter Karl Futterer.

Heft-Nr. 169/1995 - "Medizinische Untersuchung zur Circadianrhythmik und zum Verhalten bei Uberwinterern auf einer
antarktischen Forschungsstation”, von Hans Wortmann.

Heft-Nr. 170/1995 —~ DFG-Kolloguium: Terrestrische Geowissenschaften - Geologie und Geophysik der Antarktis.

Heft-Nr. 171/1995 - ”Strukturentwicklung und Petro?enese des metamorphen Grundgebirges der nérdlichen
Heimefrontfjella (westliches Dronning Maud Land/Antarktika)”, von Wilfried Bauer.

Heft-Nr. 172/1995 - "Die Struktur der Erdkruste im Bereich des Scoresby Sund, Ostgronland:
Ergebnisse refraktionsseismischer und gravimetrischer Untersuchungen”, von Holger Mandler.

Heft-Nr. 173/1995 - "Paldozoische Akkretion am paldopazifischen Kontinentairand der Antarktis in Nordvictorialand
— P-T-D-Geschichte und Deformationsmechanismen im Bowers Terrane”, von Stefan Matzer.

Heft-Nr. 174/1995 - “The Expedition ARKTIS-X/2 of RV ‘Polarstern® in 1994%, edited by Hans-W. Hubberten.

Heft-Nr. 175/1995 ~ “Russian-German Cooperation: The Expedition TAYMYR 1994*, edited by Christine Siegert
and Dmitry Bolshiyanov.

Heft-Nr. 176/1995 - "Russian-German Cooperation: Laptev Sea System®, edited by Heidemarie Kassens,
Dieter Piepenburg, Jérn Thiede, Leonid Timokhov, Hans-Wolfgang Hubberten and Sergey M. Priamikov.

Heft-Nr. 177/1995 - “Organischer Kohlenstoff in spatquartaren Sedimenten des Arktischen Ozeans: Terrigener Eintrag
und marine Produktivitat”, von Carsten J. Schubert.

Heft-Nr. 178/1995 ~ “Cruise ANTARKTIS XIi/4 of RV ‘Polarstern* in 1995: CTD-Report*, by Juri Sildam.

Heft-Nr. 179/1995 - “Benthische Foraminiferenfaunen als Wassermassen-, Produktions- und Eisdriftanzeiger im Arkti-
schen Ozean®, von Jutta Wollenburg.

Heft-Nr. 180/1995 - “"Biogenopal und biogenes Barium als Indikatoren fur spatquartére Produktivitaitsanderungen am
antarktischen Kontinentalhang, atlantischer Sektor®, von Wolfgang J. Bonn.

Heft-Nr. 181/1995 — “Die Expedition ARKTIS X/1 des Forschungsschiffes ,Polarstern' 1994",

herausgegeben von Eberhard Fahrbach.

Heft-Nr. 182/1995 - “Laptev Sea System: Expeditions in 1994”, edited by Heidemarie Kassens.

Heft-Nr. 183/1996 - “Interpretation digitaler Parasound Echolotaufzeichnungen im &stlichen Arktischen Ozean auf der
Grundlage physikalischer Sedimenteigenschaften”, von Uwe Bergmann.

Heft-Nr. 184/1996 - “Distribution and dynamics of inorganic nitrogen compounds in the troposphere of continental,
coastal, marine and Arctic areas”, by Maria Dolores Andrés Hernandez.

Heft-Nr. 185/1996 - “Verbreitung und Lebensweise der Aphroditiden und Polynoiden (Polychaeta) im dstlichen Weddell:
meer und im Lazarevmeer (Antarktis)”, von Michael Stiller.

Heft-Nr. 186/1996 - “Reconstruction of Late Quaternary environmental conditions applying the natural radionuclides
*Th, “Be, *'Pa and ***U: A study of deep-sea sediments from the eastern sector of the Antrctic Circumpolar Current
System”, by Martin Frank.

Heft-Nr. 187/1996 — “The Meteorological Data of the Neumayer Station (Antarctica) for 1992, 1993 and 1994,

by Gert Kénig-Langlo and Andreas Herber.

Heft-Nr. 188/1996 — “Die Expedition ANTARKTIS-XI/3 mit FS ‘Polarstern’ 1994”,

herausgegeben von Heinz Miller und Hannes Grobe.

Heft-Nr. 189/1996 — “Die Expedition ARKTIS-VII/3 mit FS ‘Polarstern’ 1990”,
herausgegeben von Heinz Miller und Hannes Grobe.



Heft-Nr. 190/1996 - “Cruise report of the Joint Chilean-German-Italian Magellan *Victor Hensen’ Campaign in 1994”,
edited by Wolf Arntz and Matthias Gorny.

Heft-Nr. 191/1996 - “Leitfahigkeits- und Dichtemessung an Eisbohrkernen”, von Frank Witheims.

Heft-Nr. 192/1996 - “Photosynthese-Charakteristika und Lebensstrategie antarktischer Makroalgen”,

von Gabriele Weykam.

Heft-Nr. 193/1996 - “Heterogene Raktionen von NoOg und HBr und ihr EinfluB auf den Ozonabbau in der polaren
Stratosphéare”, von Sabine Seisel.

Heft-Nr. 194/1996 ~ “Okologie und Populationsdynamik antarktischer Ophiuroiden (Echinodermata)”,

von Corinna Dahm. )

Heft-Nr, 195/1996 — “Die planktische Foraminifere Neogloboquadrina pachyderma (Ehrenberg) im Weddellmeer,
Antarktis”, von Doris Berberich.

Heft-Nr. 196/1996 — “Untersuchungen zum Beitrag chemischer und dynamischer Prozesse zur Variabilitat des
stratosphérischen Ozons Uber der Arktis”, von Birgit Heese.

Heft-Nr. 197/1996 — “The Expedition ARKTIS-XI/2 of 'Polarstern’ in 1995”, edited by Gunther Krause.

Heft-Nr. 198/1996 - “Geodynamik des Westantarktischen Riftsystems basierend auf Apatit-Spaltspuranalysen®,

von Frank Lisker.

Heft-Nr. 199/1996 — “The 1993 Northeast Water Expedition. Data Report on CTD Measurements of RV ’Polarstern’
Cruises ARKTIS IX/2 and 3, by Gereon Budéus and Wolfgang Schneider.

Heft-Nr. 200/1996 - “Stability of the Thermohaline Circulation in analytical and numerical models®, by Gerrit Lohmann.
Heft-Nr. 201/1996 ~ “Trophische Beziehungen zwischen Makroalgen und Herbivoren in der Potter Cove

(King George-Insel, Antarktis), von Katrin lken.

Heft-Nr. 202/1996 — “Zur Verbreitung und Respiration 6kologisch wichtiger Bodentiere in den Gewé&ssern um
Svalbard (Arktis)", von Michael K. Schmid.

Heft-Nr. 203/1996 — “Dynamik, Rauhigkeit und Alter des Meereises in der Arktis - Numerische Untersuchungen mit
einem grof3skaligen Modell*, von Markus Harder.

Heft-Nr. 204/1996 - “Zur Parametrisierung der stabilen atmospharischen Grenzschicht tber einem antarktischen
Schelfeis”, von Dérthe Handorf.

Heft-Nr. 205/1996 - “Textures and fabrics in the GRIP ice core, in relation to climate history and ice deformation”,
by Thorsteinn Thorsteinsson.

Heft-Nr. 206/1996 - “Der Ozean als Teil des gekoppelten Klimasystems: Versuch der Rekonstruktion der glazialen
Zirkulation mit verschieden komptexen Atmospharenkomponenten®, von Kerstin Fieg.

Heft-Nr. 207/1996 - “Lebensstrategien dominanter antarktischer Oithonidae (Cyclopoida, Copepoda) und Oncaeidae
(Poecilostomatoida, Copepoda) im Bellingshausenmeer®, von Cornelia Metz.

Heft-Nr. 208/1996 — “Atmosphareneinfiu bei der Fernerkundung von Meereis mit passiven Mikrowellenradiometern®,
von Christoph Qelke.

Heft-Nr. 209/1996 - “Klassifikation von Radarsatellitendaten zur Meereiserkennung mit Hilfe von Line-Scanner-Messun-
gen“, von Axel Bochert.

Heft-Nr. 210/1996 — “Die mit ausgewahlten Schwammen (Hexactinellida und Demospongiae) aus dem Weddellmeer,
Antarktis, vergesellschaftete Fauna", von Kathrin Kunzmann.

Heft-Nr. 211/1996 - “Russian-German Cooperation: The Expediton TAYMYR 1995 and the Expedition KOLYMA 1995*,
by Dima Yu. Bolshiyanov and Hans-W. Hubberten.

Heft-Nr. 212/1996 - “Surface-sediment composition and sedimentary processes in the central Arctic Ocean and along
the Eurasian Continental Margin®, by Ruediger Stein, Gennadij 1. lvanov, Michael A. Levitan, and Kirsten Fahl.

Heft-Nr. 213/1996 - “Gonadenentwicklung und Eiproduktion dreier Calanus-Arten (Copepoda): Freilandbeobachtungen,
Histologie und Experimente*, von Barbara Niehoff.

Heft-Nr. 214/1996 - “Numerische Modellierung der Ubergangszone zwischen Eisschild und Eisschelf*, von Christoph
Mayer.

Heft-Nr. 215/1996 — “Arbeiten der AWI-Forschungsstelle Potsdam in Antarktika, 1994/95%, herausgegeben von Ulrich
Wand.

Heft-Nr. 216/1996 — “Rekonstruktion quartarer Klima&nderungen im atlantischen Sektor des Sddpolarmeeres anhand
von Radiolarien®, von Uta Brathauer.

Heft-Nr. 217/1996 — “Adaptive Semi-Lagrange-Finite-Elemente-Methode zur Lésung der Flachwassergleichungen:
Implementierung und Parallelisierung*, von J6rn Behrens.

Heft-Nr. 218/1997 — “Radiation and Eddy Flux Experiment 1995 (REFLEX )¢, by J6rg Hartmann, Axel Bochert,
Dietmar Freese, Christoph Kottmeier, Dagmar Nagel and Andreas Reuter.

Heft-Nr. 219/1997 - “Die Expedition ANTARKTIS-XII mit FS 'Polarstern’ 1995. Bericht vom Fahrtabschnitt ANT-XII/3,
herausgegeben von Wilfried Jokat und Hans Oerter.

Heft-Nr. 220/1997 ~ “Ein Beitrag zum Schwerefeld im Bereich des Weddellmeeres, Antarktis.

Nutzung von Altimetermessungen des GEOSAT und ERS-1”, von Tilo Schéne.

Heft-Nr. 221/1997 - “Die Expeditionen ANTARKTIS-XIil/1-2 des Forschungsschiffes 'Polarstern’ 1995/96”,
herausgegeben von Ulrich Bathmann, Mike Lucas und Victor Smetacek.

Heft-Nr. 222/1997 — “Tectonic Structures and Glaciomarine Sedimentation in the South-Eastern Weddell Sea from
Seismic Reflection Data”, by Laszlé Oszko.



Heft-Nr. 223/1997 - “Bestimmung der Meereisdicke mit seismischen und elektromagnetisch-induktiven Verfahren”,
von Christian Haas.

Heft-Nr. 224/1997 - “Troposphdrische Ozonvariationen in Polarregionen”, von Silke Wessel.

Heft-Nr. 225/1997 - “Biologische und dkologische Untersuchungen zur kryopelagischen Amphipodenfauna des
arktischen Meereises”, von Michael Poltermann.

Heft-Nr. 226/1997 - “Scientific Cruise Report of the Arctic Expedition ARK-XI/1 of RV ’Polarstern’ in 1995”,

edited by Eike Rachor.

Heft-Nr. 227/1997 ~ “Der EinfluB kompatibler Substanzen und Kyroprotektoren auf die Enzyme Malatdehydrogenase
(MDH) und Glucose-6-phosphat-Dehydrogenase (G6P-DH) aus Acrosiphonia arcta (Chlorophyta) der Arktis®,

von Katharina Kick.

Heft-Nr. 228/1997 - “Die Verbreitung epibenthischer Mollusken im chilenischen Beagle-Kanal”, von Katrin Linse.
Heft-Nr. 229/1997 - “Das Mesozooplankton im Laptevmeer und dstlichen Nansen-Becken - Verteilung und
Gemeinschaftsstrukturen im Spatsommer”, von Hinrich Hanssen.

Heft-Nr. 230/1997 - “Modell eines adaptierbaren, rechnergestitzten, wissenschaftlichen Arbeitsplatzes am
Alfred-Wegener-Institut fir Polar- und Meeresforschung”, von Lutz-Peter Kurdelski.

Heft-Nr. 231/1997 - “Zur Okologie arktischer und antarktischer Fische: Aktivitat, Sinnesleistungen und Verhalten®,
von Christopher Zimmermann.

Heft-Nr. 232/1997 - “Persistente clororganische Verbindungen in hochantarktischen Fischen”,

von Stephan Zimmermann.

Heft-Nr. 233/1997 - “Zur Okologie des Dimethylsulfoniumpropionat (DMSP)-Gehaltes temperierter und polarer
Phytoplanktongemeinschaften im Vergleich mit Laborkulturen der Coccolithophoride Emiliania huxleyi und derantarkti-
schen Diatomee Nitzschia lecointei”, von Doris Meyerdierks.

Heft-Nr. 234/1997 — “Die Expedition ARCTIC 96 des FS "Polarstern’ (ARK XIi) mit der Arctic Climate System Study
(ACSYS)", von Ernst Augstein und den Fahrtteilnehmern.

Heft-Nr. 235/1997 — “Polonium-210 und Blei-219 im Stdpolarmeer: Natirliche Tracer fuir biologische und
hydrographische Prozesse im Oberflachenwasser des Antarktischen Zirkumpolarstroms und des Weddellmeeres®,
von Jana Friedrich.

Heft-Nr. 236/1997 — “Determination of atmospheric trace gas amounts and corresponding natural isotopic rations by
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