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Abstract

Carbon dioxide (CO,) is one of the most important factors of the Earth’s carbon cycle.
Peatlands are well-known to be a long term sink for atmospheric carbon dioxide. Under
changing environmental conditions, the carbon balance and hence the CO, fluxes can be
significantly changed, and peatlands may even become a significant atmospheric carbon
source. To be able to predict the changes in climatic conditions and their effects on
ecosystems, it is important to understand the contemporary CO, exchange of the ecosystems.

Many studies on peatland CO, fluxes have been conducted in the boreal zone of North
America and Scandinavia. Still little scientific evidence is available from peatland ecosystems
of boreal Russia. This dissertation presents the detailed investigation of CO, dynamics and the
relevant processes and environmental factors from the boreal peatland site Ust-Pojeg
(61°56'N, 50°13'E) in Komi Republic, northwest Russia. On the small spatial scale
(microform), the investigated peatland was characterised by high variability in vegetation
composition and coverage as well as in water table level which resulted in large variability in
CO, fluxes not only between the microform types but also within one microform type. The
cumulative flux over the investigation period for the different microforms ranged from strong
CO;, sources to CO; sinks. An area-weighted estimate for the entire peatland showed that it
was a CO; source for the investigation period, which was characterised by average conditions
in terms of precipitation and temperature. The CO, fluxes were measured at different scales:
by the closed chamber method at the microform scale and by the eddy covariance technique at
the ecosystem scale. Three different upscaling methods were used to compare the fluxes.
Irrespective of the upscaling methods, the discrepancies between the estimates based on the
upscaled chamber measurements and estimates based on measurements by the eddy

covariance technique were high. The high spatial heterogeneity of the vegetation and the
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water table level and thus of the CO, fluxes were recognised as reasons for high potential
errors when upscaling CO, fluxes from the microform to the ecosystem level. Large
discrepancies were also observed in comparison between measured CO, fluxes and CO,
estimates based on the mechanistic ecosystem model LPJ-GUESS. Insufficient model forcing
may have led to errors in the timing of the onset and the end of the growing season, and the
modelled vegetation did not always reproduce the observed vegetation. These two factors may
have led to the discrepancies in the model-measurement comparison.

Although the closed chamber technique is widely used for measurements of CO, fluxes
between ecosystems and the atmosphere, the errors which might occur during the
measurement itself or which are associated with the used measurement devices as well as the
flux calculation from chamber-based CO, concentration data are still under discussion. The
study showed that the CO, fluxes measured by the closed chamber method can be
overestimated during low-turbulence nighttime conditions and can be seriously biased by
inappropriate application of linear regression for the flux calculation. The methodological
studies were conducted at the boreal peatland Salmisuo in eastern Finland (62°46'N, 30°58'E).
The methods developed in this dissertation could contribute significantly to improved CO,

flux estimates.
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Zusammenfassung

Kohlendioxid (COy) ist einer der wichtigsten Faktoren des globalen Kohlenstoffkreislaufes.
Moore sind als langfristige Senken fir das CO, aus der Atmosphére bekannt. Jedoch kdnnen
Verdanderungen der Umweltbedingungen zu signifikanten  Verdnderungen von
Kohlenstofffllissen und zu Verschiebungen in der Kohlenstoffbilanz fuhren. Damit kdnnten
sich die Moore zu einer bedeutenden Quelle atmosphérischen Kohlenstoffs entwickeln. Um
die Klimaveranderungen sowie ihre Wirkung auf die Okosysteme vorhersagen zu kénnen, ist
es entscheidend, die rezenten Prozesse des CO,-Austausches zwischen der Atmosphare und

den Okosystemen besser zu verstehen.

In den letzten Jahrzehnten wurden zahlreiche Studien zu CO,-Flissen in Mooren der borealen
Zone von Nordamerika und Skandinavien durchgefiihrt. Im Vergleich dazu gibt es nur wenige
Studien Uber Moordkosysteme Russlands. Die vorliegende Dissertation prasentiert eine
umfassende Untersuchung der CO,-Dynamik, sowie der relevanten Prozesse und
Umweltfaktoren des borealen Moores Ust-Pojeg (61°56'N, 50°13'E), welches sich in der
Republik Komi (Nordwesten Russlands) befindet. Das untersuchte Moor war auf der
Kleinrdumlichen  Skala  (Mikrostandort) durch  eine  groBe  Variabilitait  der
Vegetationszusammensetzung und —bedeckung sowie des Wasserstandes gekennzeichnet.
Diese Variabilitdt der Umweltfaktoren spiegelte sich in der hohen Variabilitat der CO,-Flisse
wider, nicht nur zwischen den unterschiedlichen Mikrostandorttypen sondern auch innerhalb
eines Mikrostandorttyps. Der kumulative CO,-Fluss fur den untersuchten Zeitraum schwankte
in Abhéngigkeit vom Mikrostandorttyp zwischen starker CO,-Quelle und CO,-Senke. Das
Ergebnis einer flachengewichteten Abschatzung fiir das gesamte Moor zeigte, dass das Moor
im  Untersuchungszeitraum, welcher in Bezug auf die Temperatur und die

Niederschlagsmenge als durchschnittlich zu kennzeichnen ist, eine CO,-Quelle war. Die CO,-
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Flusse wurden auf zwei verschiedenen Skalen gemessen: mit dem Gaskammer-Messsystem
auf der Skala der Mikrostandorte und mit der Eddy-Kovarianz-Methode auf der Skala des
Okosystems. AnschlieRend wurden drei verschiedene Methoden zur Hochrechnung
angewandt, um die gemessenen CO,-Flisse zu vergleichen. Dabei wurden unabhéngig von
der Methode der Hochrechnung, grof’e Unterschiede zwischen den CO,-Fliissen der
hochskalierten ~Gaskammer-Messungen und denen der Eddy-Kovarianz-Messungen,
gefunden. Als Ursache fir den hohen potentiellen Fehler beim Hochskalieren der CO,-Flusse
wurde die grol3e rdumliche Heterogenitat der Vegetation und des Wasserstandes identifiziert.
GroRe Abweichungen wurden ebenfalls beim Vergleich der gemessenen CO,-Fllisse mit den
durch das mechanistische Okosystem-Modell LPJ-GUESS modellierten CO,-Fliissen
festgestellt. Ein unzureichender Modellantrieb kénnte zu Fehlern in der Bestimmung des
Zeitpunktes fiir den Beginn und das Ende der Vegetationsperiode gefiihrt haben. Des
Weiteren stimmten die modellierte Vegetation und die Vegetation vor Ort nicht immer
uberein. Diese zwei Faktoren konnten zu den Abweichungen zwischen den gemessenen und
den modellierten CO,-Flissen gefiihrt haben.

Die Gaskammer-Methode gehort nach wie vor zu den am weitesten verbreiteten Methoden
zur Messung von CO,-Fliissen zwischen Okosystemen und Atmosphare. Jedoch sind die
Fehler, die wéhrend einer Messung auftreten kdnnen oder die mit den Messinstrumenten in
Verbindung stehen sowie die Fehler, die aus der Berechnung der CO,-Flisse aus den CO,-
Konzentrationen in der Gaskammer resultieren, weiterhin Gegenstand der wissenschaftlichen
Diskussion. Die vorliegende Arbeit zeigt, dass die CO,-Flusse, die mit der Gaskammer-
Methode in turbulenzarmen Né&chten gemessen wurden, tberschatzt sein kdnnen und dass
Berechnungen von CO,-Flussen stark fehlerbehaftet sein kdnnen, wenn die lineare Regression
unsachgemal angewendet wird. Die methodologischen Studien wurden im borealen Moor
Salmisuo, welches sich im Osten Finnlands (62°46'N, 30°58'E) befindet, durchgefuhrt. Die in
dieser Arbeit entwickelten Methoden kénnten wesentlich zu einer verbesserten Abschétzung

des CO,-Austausches zwischen der Atmosphéare und den Okosystemen beitragen.
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1. Introduction
1.1 Present understanding and methods

Carbon dioxide (COy) is one of the most important factors of the Earth’s carbon cycle. After
water vapour, the atmospheric concentration of CO, is the highest of all greenhouse gases and
is still increasing. Its contribution to the radiative forcing from pre-industrial to present time is
estimated at about 60 % of all long-lived greenhouse gases (not including water vapour)
(IPCC, 2007).

Peatlands are well-known to be a long term sink for atmospheric carbon dioxide. Arctic and
boreal (northern) peat-forming wetlands with an estimated area of 230-500 Mha store 270-
455 Pg of carbon (Gorham, 1991; Turunen et al., 2002). This is about one-half of the
atmospheric carbon pool (Rydin and Jeglum, 2006). In a changing climate, the carbon balance
and hence the CO, fluxes can be significantly changed, and peatlands may even become a
significant atmospheric carbon source (Schreader et al., 1998, Aurela et al., 2002). That could
lead to an increasing concentration of CO; in the atmosphere resulting in higher temperatures
which may lead to intensified soil decomposition and thus to a further increase in CO,
concentrations in the atmosphere which would represent an important positive feedback to the
global warming. However, to be able to predict the changes in climatic conditions and their
effects on ecosystems, it is important to understand the contemporary CO, exchange of the
ecosystems. On the diurnal and seasonal temporal scales, the CO, exchange of peatlands is
mainly determined by two processes: photosynthesis and respiration. The peatland vegetation
sequesters CO, from the atmosphere using the energy from the photosynthetic active
radiation. The CO, fixed by the photosynthesis is partly released by the vegetation through
maintenance and growth respiration (autotrophic respiration) or by decomposition by soil
organisms (heterotrophic respiration). The effect of all respiration processes is summarized in
the term ecosystem respiration. The sum of the opposing fluxes of CO,, photosynthesis and
respiration results in the net ecosystem exchange. For the analysis of interannual and decadal
dynamics of CO; fluxes, consideration of additional processes e. g. fire, dissolved organic and
inorganic carbon losses due to lateral export to rivers and erosion is necessary (non-
respiratory losses). The controlling factors of the photosynthesis and respiration are
photosynthetic active radiation, air and soil temperature, vegetation type and leaf area, water
and nutrient availability, quality and quantity of soil organic matter (Silvola et al., 1996;
Arneth et al., 2002; Bubier et al., 2003; Lindroth et al., 2007; Riutta et al., 2007) some of the

controlling factors vary with climatic conditions. As the climatic conditions in the arctic and



boreal zones vary along the latitudinal gradient but also along the longitudinal gradient, it is
important to investigate the processes of the CO, exchange along these gradients.

Many studies on CO; fluxes have been conducted in the boreal zone of North America (e.g.
Schreader at al., 1998; Moore et al., 2002) and Scandinavia (Alm et al., 1997; Waddington
and Roulet, 1996; Lindroth et al., 2007; Riutta et al., 2007; Sagerfors et al., 2008) and in the
Russian tundra (Heikkinen et al., 2004; Zamolodchikov et al., 2003; van der Molen et al.,
2007; Kutzbach et al., 2007). The Russian boreal zone covers vast areas, and peatlands are
one of the major ecosystems of this region. Estimations by Apps et al. (1993) showed that 136
Mha of boreal Russia are covered by peatlands and about 50 % of the world’s boreal
peatlands are located in Russia. However, still little scientific evidence is available from
peatland ecosystems of this region. The CO, dynamics of peatlands of the boreal zone of
Siberia were studied by Panikov and Dedysh (2000) — winter CO, fluxes, seasonal and
interannual differences in NEE at two different peatland sites by Arneth et al. (2002) and net
ecosystem productivity by Schulze et al. (2002).

The chamber method and the eddy covariance (EC) technique are the two measurement
techniques which are mainly used to determine the CO, fluxes between ecosystems and the
atmosphere. The flux calculation by the closed chamber method is based on the gas
concentration change over time in a closed volume. The eddy covariance method is a
micrometeorological technique for direct measurements of the CO, fluxes between land
surfaces and atmosphere. The two techniques are used at different spatial and temporal scales.
The chamber measurements provide discontinuous data on the plot scale (102-10° m2) while
the EC measurements provide under ideal conditions continuous flux data on the ecosystem
scale (10*-10° m2).

Simultaneously to the in situ CO, flux measurements, mechanistic models of terrestrial
biogeochemistry and biogeography have been developed and were used to evaluate potential
effects of changing atmospheric CO; concentrations and climate on global carbon cycle and to
predict the future vegetation distribution. Recent developments on this subject are the fully
integrated dynamic vegetation models (Sykes et al., 1996; Cramer et al., 2001). LPJ-GUESS
(Smith et al., 2001) is a process-based model of vegetation dynamics and land-atmosphere
carbon and water exchanges. It incorporates the Lund-Potsdam-Jena Dynamic Global
Vegetation Model (LPJ-DGVM; Sitch et al., 2003) and the General Ecosystem Simulator
(GUESS; Smith et al., 2001) and is suitable for regional (10°-10° km?) to continental (10°-10’

km?) simulations on the time scale from days to millennia.



Beside the measuring and modelling efforts, also the importance of accurately characterizing
data uncertainty is increasing. Raupach et al. (2005) suggested that uncertainties are as
important as the data values themselves. The knowledge of flux data uncertainties is critical
for many applications: comparison of data obtained at different temporal and spatial scales,
multi-sites comparison, validation of ecosystem models against flux data, and for policy
decision making.

Estimates based on chamber measurements are subject to systematic and sampling errors.
Many of the sampling errors are known and can be prevented or corrected for example (1)
increase in temperature and humidity beneath the chamber (Wagner and Reicosky, 1992;
Welles et al., 2001), (2) length of the sampling interval (Griffis et al., 2000), (3) inaccurate
determination of chamber headspace volume (Livingston and Hutchinson, 1995), (4) leakage
at chamber components or via the underlying soil pore space (Hutchinson and Livingston,
2001), (5) elimination of turbulence within the chamber (Reicosky, 2003), (6) gradient
problems — build-up or reduction of CO, concentration within the chamber which alters the
underlying concentration gradients and results in modified CO, fluxes (Hutchinson et al.,
2000; Livingston et al., 2006), (7) lack of temporal representation with limited number of
sampling points during early morning and late afternoon hours (Griffis et al., 2000).

The EC technique has well-known random uncertainties which are associated with flux
footprint heterogeneity, variation in turbulent transport or with measurement equipment
insufficiencies (e. g. gas analyser and sonic anemometer). Systematic errors are caused by
incomplete frequency response of the measurement system or lack of nocturnal turbulent
mixing. There are also errors related to advection and non-flat terrain (Goulden et al., 1996;
Moncrieff et al., 1996; Baldocchi, 2003; Richardson et al., 2008).

Assessing the impacts of global environmental change on ecosystems is one of the important
research tasks of the 21* century. As it is not possible to conduct experiments on the impact
of the greenhouse gases or changing climate at the scales of natural ecosystems, regional
landscapes or even on global scale, the global change research confronts the problems
associated with transferring the knowledge of processes up to larger spatial and longer
temporal scales. Parallel to upscaling also downscaling strategies which involve
environmental data at a scale larger than the scale of interest have been developed. The
scaling process is a transfer of information from one scale to another and faces different
problems. Potential errors arise from spatial heterogeneity, non-linearity of functional
relationships between processes and environmental variables, dominance of different

processes at different scales and cross-scale connections (Jarvis, 1995; Harvey, 2000;



Peterson, 2000). All of the described potential errors can also occur in scaling processes in
which peatlands are involved. Peatlands are characterized by high spatial variability in
vegetation, water table level, pH, nutrient conditions, peat properties and intensity of human
impact. Peatland dynamics are nonlinear, and they are sensitive to initial conditions. On the
one hand, they change little over long periods of changing environmental conditions; on the
other hand, they react abruptly under weak environmental forcing (Belyea, 2009). As in other
ecosystems, the growth of an individual peatland plant is dependent on light and nutrient
availability, temperature and soil moisture. A growth model of a patch of plants would also
include the processes of interaction between the individual plants. The peatland processes are
also characterized by cross-scale connections not only on the individual plant level but also on
the microform and mesoform scale. Although the scaling is exposed to some potential errors,
it helps not only to prove our understanding of current processes but also to predict the
consequences of global environmental changes.

This dissertation could contribute significantly to a better coverage of ground data and a better
understanding of interactions between atmosphere and boreal peatlands as well as to an
improvement of methods used in studies of greenhouse gas exchange between ecosystems and

the atmosphere. The specific objectives are presented below.

1.2 Objectives of this dissertation

The aim of this study is to broaden our current understanding of CO, exchange between
boreal peatlands and the atmosphere on different spatial scales.

Although the closed chamber technique is widely used for measurements of CO, fluxes
between ecosystems and the atmosphere, the errors which might occur during the
measurement itself or which are associated with the used measurement devices as well as the
flux calculation from chamber-based CO, concentration data are still under discussion. This
study contributes to two new methods. Chapter 2 discusses the influence of atmospheric
boundary layer turbulence on nighttime ecosystem respiration measurements by the closed
chamber technique and includes the investigation of differences in the potential biases
between different microform types within the peatland. Chapter 5 discusses the application of
linear regression as the currently most used method for CO, flux calculation based on
concentration measurements with closed chambers and proposes a new exponential regression
model for future flux calculation.

Peatlands cover vast areas in the Russian boreal zone and are important factors in the regional

and global carbon cycle. Compared to other boreal regions Russia is underrepresented in
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current efforts in quantification of greenhouse gas fluxes. This study presents the first closed
chamber CO, flux data set for a boreal peatland in European Russia (Chapter 3). The
investigation focuses on seasonal dynamics of CO; fluxes at various microform types of the
peatland, and it identifies the principal control mechanisms during different seasons of the
year.

This study also contributes to the important efforts on the comparison of CO, fluxes measured
or modelled at different spatial scales. The first objective of the Chapter 4 is to investigate the
comparability of in situ flux measurements conducted by chamber method and eddy
covariance technique at a patterned boreal peatland using three different upscaling methods
and the second objective is to evaluate the CO, flux estimates of the LPJ-GUESS model using
the measured fluxes.

The upscaling of greenhouse gases from point based measurements to regional and global
scales is an important research issue. Chapter 6 presents in more detail the upscaling method

based on the land cover classification and shows the importance of the ground resolution.

1.3 The author’s contribution of the individual publications

Each of the main chapters (chapters 2-6) constitutes an individual publication. The chapter 2
is published in Journal of Geophysical Research and chapters 5 and 6 in Biogeosciences,
chapter 3 is in review at the journal Biogeochemistry, and chapter 4 is submitted to Journal of

Geophysical Research.

Paper 1 (Chapter 2): I prepared the literature review, did all analyses, interpreted the data and

wrote the entire manuscript. In 2005 the closed chamber measurements were done by the
research group led by Martin Wilmking and Lars Kutzbach. In 2006 the fieldwork were done
mainly by me and Sylvia Schulz. All authors critically reviewed and discussed earlier drafts
of the manuscript.

Paper 2 (Chapter 3): I reviewed the literature, did all analyses, interpreted the data and wrote

the entire manuscript. The fieldwork was done mainly be me, members of the field campaign
in 2008 (Michal Gazovic, Jens Ibendorf, Oleg Michajlov, Michail Miglovec, Peter Schreiber,
Christian Wille and Ulrike Wolf) also participated in closed chamber measurements. All
authors critically reviewed the earlier drafts of the manuscript and contributed in discussions.

Paper 3 (Chapter 4): I reviewed the literature, did the analyses of the closed chamber

measurements, interpreted the data and wrote the entire manuscript. The closed chamber
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2.1 Abstract

Knowledge about ecosystem respiration is required for accurate estimates of daily, seasonal
and annual carbon exchange between ecosystems and the atmosphere. Measurements by the
closed chamber technique were often used to calculate nighttime respiration fluxes during
low-turbulence nighttime conditions when the eddy covariance method is problematic. The
goal of this study is to investigate if the closed chamber measurements could also be biased
during low-turbulence atmospheric conditions. We applied the closed chamber technique for
measurements of CO, flux at flark, lawn and hummock microsites at a boreal peatland
(n=602). The friction velocity (U«) was used for screening data into either well-developed or
low-turbulence conditions (us<0.1 ms™). During chamber experiments in low-turbulence
nighttime conditions, the CO, concentrations within the chamber headspace were observed to
increase extremely fast and nonlinearly at the start of the chamber deployment period. The
possible reason is the abrupt disturbance of the natural concentration gradients in the soils,
plants and the near-surface atmosphere. This artefact leads to an overestimation of CO, fluxes
and occurs at all microsite types. However, the strongest overestimation occurs at hummocks.
Consequently, we recommend that nighttime chamber measurements have to be carefully
checked with respect to prevailing turbulence conditions. Under low-turbulence conditions
their results can be overestimated. Since the bias is difficult to correct, chambers are probably
not suitable to replace eddy covariance measurements under low-turbulence nighttime

conditions, since both measurements tend to be biased.
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2.2 Introduction

Knowledge about ecosystem respiration is required for accurate estimates of daily, seasonal
and annual carbon exchange between ecosystems and the atmosphere. Ecosystem respiration
differs from photosynthesis in its diurnal and seasonal regime and its response to
environmental controls. Contrary to photosynthesis, ecosystem respiration persists during
nighttime. In many previous studies, nighttime ecosystem respiration was calculated using
models developed and validated for daytime ecosystem respiration assuming that the control
of ecosystem respiration is the same in light and in dark conditions. This assumption,
however, appears questionable and needs careful validation. Studies by Sharp et al. (1984),
Brooks and Farquhar (1985), Villar et al. (1995) and Atkin et al. (1997) suggested that leaf
respiration is partly inhibited in light conditions. Considering these investigation results, the
need for accurate measurements of nighttime ecosystem respiration becomes obvious since
this data would be a prerequisite for defining and validating a CO, ecosystem exchange model
that explicitly accounts for the differences between day and night ecosystem respiration.
Micrometeorological techniques, such as the eddy covariance method, are widely used for
continuous measurements of CO, fluxes between ecosystems and atmosphere (e.g. Shurpali et
al., 1995; Aurela et al., 1998; Soegaard and Nordstroem, 1999; Moore et al., 2002; Lafleur et
al., 2003). Disadvantageously, the eddy covariance method can only be used for measuring
atmospheric fluxes if the turbulence in the atmospheric boundary layer is well-developed.
Stable atmospheric conditions, a deep atmospheric boundary layer and low wind speed lead to
low-turbulence conditions insufficient for eddy covariance flux measurements (Wofsy et al.,
1993; Hollinger et al., 1994). Such stable atmospheric conditions often occur at night under
clear sky (Stull, 1988). This well known problem of the eddy covariance method leads to a
systematic underestimation of CO; fluxes during calm night conditions (Goulden et al., 1996;
Lafleur, 1999; Baldocchi, 2003). Goulden et al. (1996) proposed to discard data obtained
during calm nocturnal conditions. Saleska et al. (2003) and Gu et al. (2005) applied statistical
methods to determine the friction velocity thresholds for nighttime filtering of eddy
covariance fluxes, and van Gorsel et al. (2007) developed an approach to reduce the biases in
the micrometeorological determination of nighttime ecosystem respiration.

Measurements by the closed chamber technique were often used to quantify the CO, flux
underestimation by the eddy covariance method (Lavigne et al., 1997; Oechel et al., 1998;
Zamolodchikov et al., 2003; Van Gorsel et al., 2007). However, Healy et al. (1996) and

Hutchinson et al. (2000) also showed that the results of closed chamber measurements depend
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on the near-surface atmospheric mixing conditions using diffusion model studies. This insight
leads directly to the question if closed chamber measurements could also be biased during
atmospheric low-turbulence conditions.

The purpose of this study is to evaluate the influence of atmospheric boundary layer
turbulence on nighttime ecosystem respiration measurements by the closed chamber
technique using nighttime ecosystem respiration measurements performed in a boreal
peatland and to investigate the differences of the potential biases between different microsite

types within the peatland.

2.3 Methods

2.3.1 Study site

The study site Salmisuo is a boreal mire complex and is located in eastern Finland, at
62°46'N, 30°58'E. The climate of the investigation area is boreal, sub-continental, moderately
cool and year-round humid. Long-term (1971-2000) mean annual precipitation was 667 mm
and mean annual temperature for this period was +2.1 °C (Ilomantsi Mekrijaervi
meteorological station, Drebs et al., 2002).

The area is situated in the transition zone between the southern and middle boreal vegetation
zones (Ahti et al., 1968). The Salmisuo mire complex is composed of five ombrogenic
eccentric bog areas separated by minerogenic, though oligotrophic, fen stripes. The intensive
investigation site of this study is characterised by an oligotrophic low-sedge Sphagnum
papillosum pine fen in its northern part and an ombrotrophic Sphagnum fuscum pine bog area
in its southern part. Both the northern fen part and the southern bog part of the measurement
site at Salmisuo mire were composed of a mosaic of three different microsites defined by their
situation within the microrelief. Hummocks, which represent the driest conditions, are
elevated above the surrounding area and are covered by Sphagnum fuscum, Pinus sylvestris,
Andromeda polifolia and Rubus chamaemorus. Lawns are intermediate microsites with
respect to water level. The vegetation of lawns consists mainly of Sphagnum balticum,
Sphagnum magellanicum, Sphagnum papillosum and Eriophorum vaginatum. The flarks
represent the wettest microsites and are occupied primarily by Sphagnum balticum and
Scheuchzeria palustris. Average peat depth is about 2 m (Tolonen, 1967). For more
information on the Salmisuo peatland and its vegetation, see Alm et al. (1997), Saarnio et al.

(1997), Becker et al. (2008) and Jager et al. (2009).
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2.3.2 Experimental setup

CO, exchange fluxes were measured weekly from 28 July to 9 September 2005 and biweekly
from 28 May to 24 September 2006 as 24-hours runs applying a closed chamber approach. A
total of 14 measurement plots were established in 2005 in different microsite types: 4 in
flarks, 4 in lawns, and 6 in hummocks. For the field season 2006, we extended the number of
replicates to 6 in flarks, 6 in lawns, and 8 in hummocks. At each measurement plot,
permanent collars were installed at least two weeks before the start of the chamber
measurements. The insertion depth of collars was 15-20 cm. Elevated boardwalks were built
to prevent the disturbance of the plant cover and the peat during the measurements.

At each measurement plot, soil temperatures were measured at depths of 5 cm, 10 cm, 20 cm
and 50 cm with a sampling frequency of 30 minutes (HOBO H8 or HOBO U12, HOBO,
USA). Photosynthetic active radiation (PAR) was measured with a PAR Lite sensor (Kipp &
Zonen, The Netherlands) at the meteorological station in the Salmisuo peatland at a height of
2 m above the ground. Friction velocity (U«) was calculated over half-hourly intervals from 20
Hz wind vector measurements by a three-dimensional sonic anemometer at 2 m above the
ground (Gill 3R, Gill Instr., UK) and was used to characterise the status of the turbulence in

the atmospheric boundary layer.

2.3.3 CO; concentration profile measurements

Air sampling tubes for CO, concentration measurements were installed at heights of 10 cm,
80 cm and 120 cm above peat surface. The CO, concentrations were measured using a
CO»/H,0 infrared gas analyzer (LI-840, Licor, USA). At each height the concentration was
measured over 180 s then switched to the next level. To avoid cross-contamination of

measurements between levels, the new measurement began 60 s after switching.

2.3.4 CO, flux measurements

A closed chamber technique was applied to measure the nighttime CO, exchange. The
chamber (60 cm x 60 cm x 32 cm) was made of transparent polycarbonate with a wall
thickness of 1.5 mm. The chamber was equipped with a fan, and the headspace air
temperature was controlled by an automatic cooling system to within approximately =1 °C of

the ambient temperature. During the measurements, the chamber was put on the preinstalled
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collars, which were equipped with a water-filled groove around the top to avoid air exchange
between the chamber headspace and the ambient air. Initial pressure shocks during the
chamber setting were minimised by two circular openings of each 4 cm diameter on top of the
chamber which were closed after setting the chamber. The CO, concentrations were measured
using a CO,/H,0 infrared gas analyzer (LI-840, Licor, USA); the flow rate was 450 ml min’.
CO, readings were taken at 1 second intervals over 180 seconds. The analyser was controlled
and the data was recorded by LI-COR software (LI-840 Instrument Embedded Software,
Licor, USA) running on a portable computer.

The CO, flux was calculated from the change in CO, concentration in the chamber headspace
over time. The chamber headspace for the calculation of the CO, fluxes was calculated as the
sum of the volume of the chamber itself and the individual volume of each collar. To
determine the individual volume of the collar a grid was placed on the top of the collar and
the distance between the grid and the top of the moss layer was measured at the intersection
points of the grid. The mean value of the measured distances was defined as the distance
between the top of the collar and the moss layer and was used for the volume calculation of
the collar. Two different approaches were used for the flux calculation: by fitting an
exponential function which determines the rate of initial concentration change at the start of
the closure period and by fitting a linear regression function which determines an average rate
of concentration change over the closure period. More detailed information can be found in

Kutzbach et al. (2007).
2.3.5 Screening and modelling of CO; respiration fluxes

All CO, flux measurements performed at PAR <10 pmol m”s™” were defined as night
measurements. Nighttime CO, fluxes are per definition equal to nighttime CO, ecosystem
respiration Rec,. All following analyses are based exclusively on nighttime R, measurements.
The total number of night measurements was 287 in 2005 and 315 in 2006.

For grouping the nighttime R.,, measurements according to the ambient wind conditions, a
friction velocity threshold of 0.1 m s™ was applied. If the turbulence exceeded 0.1 m s™, the
measurements were defined as conducted in well-developed turbulence conditions; the other

measurements were defined as conducted in low-turbulence conditions.
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Nighttime R, was empirically modelled by a fitted exponential regression function using
half-hourly R, rates from a combined dataset 2005 and 2006 as calibration predictand

variables and the soil temperatures at 5 cm depth of as predictor variables:
Reco=a exp(bT), (1)

where T is soil temperature, and a and b are fitting parameters.

For demonstration of the effect of data screening with respect to the atmospheric turbulence
conditions on CO; balance studies, the nighttime CO, respiration flux Reco-night Was modelled
only for the investigation period 2006. The Reco-night Was modelled based on half-hourly time-
steps for periods of mean PAR < 10 pmol m™s™'. We applied the empirical exponential
relationships between Reconight and soil temperature (Eq. (1)) developed from either the
complete Reconighe dataset or a dataset restricted to well-developed turbulence conditions.
When mean PAR was greater than 10 pmol m> s'l, Reco-night Was defined zero. The cumulative
modelled nighttime ecosystem respiration Reco-night-cumu Was calculated by integrating the

modelled Reco-night Over the investigation period (28 May to 24 September 2006).
2.4 Results
2.4.1 CO; concentration profile measurements

Low turbulence during calm nights causes stratified air conditions within the atmospheric
boundary layer near the peat surface with highest CO, concentrations near the surface.
Figure 1 shows exemplary measurements of the typical development of a strong vertical CO,
concentration gradient in the atmospheric boundary layer near the surface over a calm night.
Directly after dusk, the CO, concentration at 120 cm height was higher than 10 cm above the
ground due to the CO, uptake by the vegetation during daytime. During the night, the gradient
changed direction with steepest concentration gradients within the air column at about 22:00
when the CO; concentration reached 500 ppm at 10 cm above ground and 400 ppm at 80 cm.
The strong gradient remained almost steady during the next hours until dawn when the wind
speed increased again, and the differences in CO, concentration within the air column
disappeared. The largest changes in CO, concentrations over the calm night were observed

close to the ground.
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Figure 1: Top panel: Time series of measured CO, concentration profile to illustrate the CO,
concentration gradient development over the calm night on 17"/18" June 2007
(solid line — CO, concentration at 10 cm height, dashed line — CO; concentration at
80 cm height, dotted line — CO, concentration at 120 cm height). Bottom panel:
Time series of friction velocity (Ux) measured in parallel to the CO, concentration
profile measurements.

2.4.2 CO, flux measurements

The nocturnal R, fluxes were grouped by turbulence, by microsite types and by the type of
the regression function (linear or nonlinear) which was used for the flux calculation (Fig. 2).
Nighttime Re., fluxes of each microsite type were highly variable within the investigation
periods but, on average, hummocks were characterised by highest fluxes followed by lawns
and flarks. The mean of the R, fluxes calculated by the nonlinear regression was 107 pg CO,
m™ s (range 12- 290 ug CO, m™ s™) for hummocks, 79 pg CO, m™ s™ (6-240 ug CO, m™ s
" for lawns and 62 pg CO, m™ s (8-307 pg CO, m™s™, 92 % of data between 8 to 130 pg
CO, m™ s™) for flarks (Fig. 2A,C,E). The Rec, fluxes calculated by the linear regression were
lower than those calculated by nonlinear regression for all micro-sites. The mean of Reco
fluxes of the hummock sites was 98 pg CO, m> s (16-250 pg CO, m™ s™), the mean of
lawns was 73 pg CO,m™ s (13-180 pg CO, m? s) and the mean of flarks was 49 ug
CO, m™s™ (10-160 pg CO, m™ s™) (Fig. 2B,D,F).
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Figure 2: Nocturnal CO; respiration fluxes R.., measured by the closed chamber technique as
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a function of soil temperature in 5 cm depth for the investigation periods 2005 and
2006 grouped by friction velocity (black squares: u«> 0.1 ms™, open circles us <
0.1 m s'l) for different microsite types: A, B - hummocks, C, D - lawns, E, F - flarks.
Lines indicate fitted exponential functions: solid line for CO, flux measurements
restricted to well-developed atmospheric turbulence (us> 0.1 ms™), dashed line for
all CO, flux measurements.



Independent of the type of the applied regression method, the hummock sites were
characterised by higher variance of the R, fluxes compared to the R, variance of lawns and
flarks which were comparable.

We obtained differing exponential regression functions depending on whether the data from
low-turbulence periods was used or not. The offsets of the exponential regression functions —
indicated by the parameter a — were about 50 % higher for the regressions which included the
low-turbulence data than for the regressions which excluded the low-turbulence data for all
microsite types and if nonlinear regression was used for Re., flux calculation (Table 1). The
differences between the offsets of the exponential functions for either all R, flux
measurements or only the measurements restricted to well-developed turbulence conditions
was greater when using nonlinear regression than when using linear regression. The highest
difference in the offsets when fluxes were calculated by linear regression was found for the
hummock sites (43 %), followed by lawns and flarks which were comparable (~25 %).

The degree of curvature of the regression functions — indicated by the parameter b —, which
characterises the nonlinear dependency of R, on soil temperature, was greater if data points
measured in low-turbulence conditions were excluded than the curvature of the regression
functions fitted to all measurement points. The regression functions derived from the
measurements during well-developed turbulence conditions were better fitted than the
regression functions using all points: the coefficient of determination r” is about 0.3 and <0.2,
respectively. F-tests for the significance of the regression models confirmed these results. The
observations indicated an overestimation of nighttime Re., during low-turbulence periods
calculated by nonlinear as well as by linear regression. At the same soil temperature, the
exponential model calculated higher R, fluxes when all data are used for model
identification compared to the model derived from data restricted to well-developed
turbulence conditions. This phenomenon was not limited to specific microsite types; it
occurred at flark, lawn and hummock sites similarly. However, the strongest overestimation

occurred at hummock sites and was less at lawns, followed by flarks.
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Table 1: Parameters a and b, coefficient of determination r* and the F-test-value of the fitted
regression functions between nighttime CO, respiration Re, and soil temperature in 5 cm
depth grouped by microsite type, by type of the regression used for calculation of the fluxes,
and by turbulence status. The fitted functions are of exponential form: Re.,= a exp(bT). The
higher the F-value the higher is the significance level of the regression fit. Graphs are shown

in Figure 1.
nonlinear flux calculation linear flux calculation
all U= >0.1 all u=>0.1
a 58.58 £10.7 28.33 +£6.48 44.96 = 7.58 25.68 £6.3
b 0.0498 £0.0142 0.0892 +£0.1601 0.0640+0.0129 0.0945 +0.0171
hum- RMSE 60.7 39.2 50.4 40.8
mocks r? 0.06 0.24 0.11 0.24
n 228 124 228 124
F (dfi=1, df,=n-2) 14.5 393 28.6 38
a 26.13 £6.07 14.68 £ 3.82 21.69 + 3.83 16.06 + 3.48
b 0.0894 £0.0174 0.1182+0.0182 0.0978 £0.0131 0.1132+0.0152
RMSE 43.9 28.5 30.8 24.3
lawns
r’ 0.14 0.32 0.26 0.39
n 185 108 185 108
F (dfi=1, df;=n-2) 29.9 49.9 63.4 68.5
a 23.69 = 8.05 11.61 £2.67 14.14+3.18 10.6 £2.32
b 0.0735+0.0248 0.1044 +0.1577 0.0957 +£0.0161  0.1068 +£0.015
RMSE 44.4 16.5 23.5 14.8
flarks
r’ 0.05 0.35 0.18 0.39
n 187 106 187 106
F (dfi= 1, df=n-2) 10.2 56.2 40.8 65.2
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The cumulative modelled nighttime ecosystem respiration Reco-night-cumut OVEr the investigation
period from the end of May to the end of September 2006 for all microsite types is presented
in Figure 3. The Reco-night-cumul calculated using nonlinear regression for flux calculation was
346 + 5 g CO, m™ for hummocks, 279 + 3 g CO, m™ for lawns and 202 + 3 g CO, m™ for
flarks if based on all measurements and 287 + 3 g CO, m™ for hummocks, 237 + 2 g CO, m>
for lawns and 154 + 1 g CO, m™ for flarks if based on measurements during well-developed
turbulence conditions only (Fig. 3A,C,E).

The Reco-night-cumu calculated using the linear regression for flux calculation was 322 + 4 g
CO, m™ for hummocks, 262 + 2 g CO; m for lawns and 166 + 2 g CO, m for flarks if
based on all measurements and 279 + 3 g CO, m™ for hummocks, 242 + 2 g CO;, m? for
lawns and 146 + 1 g CO, m™ for flarks if based on measurements during well-developed
turbulence conditions only (Fig. 3B,D,F). Independently of the regression type used for flux
calculation, the highest Reco-night-cumut Was modelled for hummock sites followed by lawns and
flarks. The Reco-night-cumut values based on measurements restricted to well-developed
turbulence conditions were lower than the Reconight-cumu based on all measurements.
Nevertheless, the flux calculation type influenced the modelled overall amount of CO,
respired during the nights. For all microsite types, Reco-night-cumut modelled using data restricted
to well-developed turbulence conditions was higher when nonlinear regression was used for
flux calculation compared to Reconight-cumu When linear regression was applied. The
overestimation of the cumulative sum of nighttime Reconight-cumu Calculated by using all
measurements compared to the nighttime Reco-night-cumut calculated using the measurements
restricted to well-developed turbulence conditions is 31 % for flarks, 21 % for hummocks and
18 % for lawns if the nonlinear regression was used for flux calculation. If the linear flux
calculation was used, the respective overestimation was 14 % for flarks, 15.3 % for
hummocks and 8 % for lawns.

The effect of the applied flux calculation regression model on the cumulative flux is smaller
than the influence of the overestimation due to nighttime low-turbulence conditions. The
cumulative flux based on measurements excluding the low turbulence data calculated by
linear regression is within the range of 2 to 5 % of the Reco-night-cumul fluxes calculated by
nonlinear regression. Based on all measurements, the cumulative fluxes calculated by linear

regression are 6 to 18 % lower than the cumulative fluxes calculated by nonlinear regression.
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2.5 Discussion

We consider the high values of calculated CO, fluxes during nighttime low-turbulence
atmospheric conditions as artificially disturbed by the deployment of the closed chambers. In
low-turbulence conditions, diffusion is the main gas exchange process not only in the soil but
also in the near-surface atmosphere. The CO, concentration gradients in the peat and the
atmosphere are adjusted to the prevailing gas exchange mechanism, meaning they are rather
steep. The use of closed chambers for CO, flux measurements causes a mixing of layers with
different CO, concentrations near the surface and an abrupt change of the pre-deployment
approximately steady-state CO, concentration gradient. When the chamber is lowered onto
the collar during stratified air conditions, the CO, concentration directly above the peat
surface is artificially decreased creating a transient very steep concentration gradient from the
soil to the near-surface atmosphere. Responding to this diffusion gradient change, the post-
deployment gas exchange rate can increase drastically (Fig. 4). The chamber deployment
itself already causes increased air mixing; however, usually chambers are equipped with a fan,

as in our study setup, leading to a faster and more efficient mixing.
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Figure 4: Examples of the CO, concentration measurements for the different turbulence
conditions A - well-developed turbulence conditions (31 May 2006 03:34:46-
03:37:46, u~ = 0.13 m s') and B - low-turbulence conditions (11" May 2006
04:40:27-04:43:27, u»=0.05 m s™)
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Le Dantec et al. (1999) showed that vigorous mixing of chamber air changes the soil CO,
diffusion gradient and causes increased soil CO; effluxes. Using chambers for measuring CO,
fluxes during calm night conditions causes a disturbance of stratified air conditions and leads
to an overestimation of CO, fluxes compared to the undisturbed situation. Different studies
indicate that atmospheric turbulence plays a role in the exchange of gases between soil
surface and the atmosphere and that chamber deployment influences the gas exchange rates.
Kimball and Lemon (1971) showed that air turbulence can significantly increase the exchange
of water vapour between the atmosphere and coarse mulches. Rayment and Jarvis (2000)
reported that an addition of a turbulence response parameter to an exponential function of soil
temperature significantly improved an empirical model for the forest floor CO, flux.
Hutchinson et al. (2000) showed by a numerical diffusion model study that the deployment of
a chamber equipped with a fan (turbulent mixing) on a surface that was previously exposed to
an only diffusively mixed atmosphere leads to an enhanced post-deployment gas exchange
rate.

For grouping the nighttime R, measurements according to the respective ambient wind
conditions, a friction velocity threshold of 0.1 m s was applied. This value is well within the
range of the thresholds which were used in previous eddy covariance studies to distinguish
between well-developed turbulence conditions and low-turbulence conditions at low-canopy
study sites. Lindroth et al. (2007) and Lund et al. (2007) applied the threshold of 0.1 m s™ for
screening of the night CO, fluxes at peatland sites measured by the eddy covariance method.
While Van der Molen et al. (2007) applied a rather high threshold of us <0.2 m s,
Zamolodchikov et al. (2003) used one of the lowest thresholds with u«<0.025 m s™ for tundra
sites. The us-thresholds for forest sites are typically higher: 0.17 m s™ (Goulden et al. 1996),
0.25 ms™ (Law et al., 1999; van Gorsel et al., 2007), 0.4 m s™ (Dolmann et al. 2004).

We assume that the night CO; fluxes presented in this study were within the range of the night
CO, fluxes of boreal peatlands. Unfortunately, we did not find any published CO, flux
measurements conducted by the closed chamber method for that ecosystem type beside the
results of Alm et al. (1997) for one night in June 1993. The results are difficult to compare
due to missing information about soil temperature.

The three different microsite types reacted differently to the artificial transient change of the
CO, concentration gradient by the chamber deployment during nighttime low-turbulence
conditions. The hummock sites are characterised by higher variance of the Re. fluxes
compared to the R., variance of lawns and flarks which are similar. The most probable

reason for the different response is the difference in the conditions of the peat and in the
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average phreatic water level between the microsite types. Since diffusion is the principal
process of CO, exchange between the peat and the atmosphere at calm nights, the flux is
dependent on the effective gas diffusivity of the peat which is in turn a function of air-filled
porosity. The diffusion of CO, is 10*-fold faster through air-filled pores than through water-
filled pores (Schachtschabel et al., 1998). Hummocks are the most elevated microsites within
a peatland and the average phreatic water level is lower than at lawns and flarks. That means
that the peat which is included in the chamber headspace of hummocks is dominated by air-
filled pores compared to the peat of flarks and lawns which is characterised by more water-
filled pores. As the hummocks have more air-filled pores which are enriched with CO, under
low-turbulence conditions than the lawns and flarks, more enriched CO, is emitted into the
chamber headspace when the concentration gradient is abruptly changed leading to a stronger
artificial initial CO, increase with more pronounced nonlinearity for hummocks than for
lawns and flarks.

The high variance of the nocturnal CO, fluxes of hummocks appears to require a more
complicated modelling of their fluxes compared to the nocturnal fluxes of lawns and flarks.
For example, Alm et al. (1997) described net CO, exchange over 24 hours observed by the
closed chamber technique and predicted by an empirical regression model using solar
irradiation, soil surface temperature, effective temperature sum index and depth of water table
as predictor variables. In their study, the predicted nocturnal fluxes corresponded well with
the observed fluxes, except in hummocks. The question of whether the size distribution of air-
filled pores in the soil influences the effect of the wind speed on the flux rates is not clearly
answered yet. The results of the study by Kimball and Lemon (1971) showed that the effect of
the wind speed on the flux rates is strong for substrates with high porosity and becomes less
pronounced as particle size and porosity decreases. However, Le Dantec et al. (1999) reported
a significant effect of wind speed on gas efflux in the case of fine-textured substrate in a
beech forest.

Kutzbach et al. (2007) showed that linear regression was frequently not appropriate for the
determination of CO, fluxes by closed-chamber methods and developed a nonlinear
exponential regression model for calculating CO, fluxes. This model is used in our study.
However, we also applied the frequently used linear regression model for flux calculation to
demonstrate that the overestimation of the CO, fluxes during calm night conditions is
independent of the applied flux calculation type. CO, fluxes calculated using the nonlinear

regression were mostly higher than those calculated by linear regression for all microsite

types.
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Many recent studies have applied linear regression for estimation of CO; fluxes although it is
well known that the chamber deployment alters the concentration gradient between the soil,
vegetation and the atmosphere leading to a nonlinear increase or decrease of CO,
concentration over time within the chamber headspace (Kutzbach et al. 2007). Different
theoretical, numerical and field studies have demonstrated that the use of linear regression can
lead to serious underestimation of gas fluxes between soil, vegetation and the atmosphere
(Matthias et al., 1978; Hutchinson and Mosier, 1981; Healy et al., 1996; Hutchinson et al.,
2000; Pedersen et al., 2001; Hutchinson and Livingston, 2001; Nakano et al., 2004; Kutzbach
et al., 2007). Kutzbach et al. (2007) showed that the CO, fluxes calculated by linear
regression can be up to 40 % lower than of the flux estimation by exponential regression. In
this study, the underestimation of the cumulative nighttime CO, fluxes when using linear
regression for flux calculation compared to the use of nonlinear regression reaches at a
maximum 18 % (Fig. 3). The underestimation is higher for the cumulative CO, flux based on
all data than that based on measurements when the low turbulence data is excluded. It has to
be noted that the flux calculation by nonlinear regression is more vulnerable to chamber
artefacts in nighttime low-turbulence conditions than the linear regression flux calculation.
However, the low-turbulence chamber artefacts have to be considered when using the linear
regression flux calculation method.

Although the eddy covariance method has the advantage of continuous and nondisturbing
measurements, the closed-chamber method is still widely used due to low costs, low power
consumption and simple operation (Kutzbach et al. 2007). The chamber method is also
appropriate for a better understanding of processes on very small scales. Several studies
showed a selective underestimation of CO; flux during low-turbulence periods using the eddy
covariance method (Goulden et al.,, 1996; Law et al., 1999). Van Gorsel et al. (2007)
developed a method to reduce the biases of micrometeorological measurements of nocturnal
CO; flux. Goulden et al. (1996) suggest a correction by replacing the observed underestimated
flux values with respiration flux values predicted by empirical models with soil temperature
as predictor variable. To get reliable information on CO; respiration fluxes during nighttime
low-turbulence conditions, we recommend CO, gradient measurements above and under the
peat surface for estimation of the CO, fluxes during calm night conditions. Similarly, Pattey
et al. (2002) suggested the calculation of the CO, budget in the nocturnal boundary layer as an
alternative to the eddy covariance method under low-turbulence atmospheric conditions.
Lavigne et al. (1997) showed that the modelled estimates of ecosystem respiration using

chamber measurements as basis were 20-42 % higher than nocturnal eddy covariance
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measurements. In that study, the ecosystem respiration estimated from chambers was the sum
of upscaled respiration of woody tissue, foliage and soil. For modelling of the foliar
respiration, the relationship between daytime respiration rates (3 nighttime measurements are
included) and temperature was used.

Brooks and Farquhar (1985), Villar et al. (1995) and Atkin et al. (1997) suggested that leaf
respiration is partly inhibited in the light. Consequently, the equations generated using the
relationship of daytime respiration rates and temperature can cause underestimation of CO,
fluxes if used for calculation of nighttime respiration. Chamber measurements are often used
as a reference for the eddy covariance technique (Goulden et al., 1996; Oechel et al., 1998;
Zamolodchikov et al., 2003; van Gorsel et al., 2007). Zamolodchikov et al. (2003) described
the correspondence between net ecosystem exchange (NEE) and respiration estimates by the
two methods at a tundra site. The estimates of NEE were well corresponding. However, the
estimates of respiration did not correspond well and the difference between the two estimates
was almost 30 %. The largest inconsistency between the flux estimates measured by the eddy
covariance and chamber techniques was reported by Oechel et al. (1998) for late night and
early morning hours. However, excellent correspondence between nighttime eddy covariance
measurements and upscaled chamber measurements was reported by Granier et al. (2000) for
a young beech forest. Therefore, the possible underestimation of nocturnal low-turbulence
CO, fluxes by the eddy covariance method, the possible overestimation of nocturnal low-
turbulence CO, fluxes by nighttime closed-chamber measurements and the possible
underestimation of predicted CO, fluxes by models based on daytime CO, flux measurements
has to be accounted for when comparing the results of the different approaches.

Low turbulence conditions are not exceptional events in peatland ecosystems. They occurred
for 45 % and 32 % of the nights in the investigated boreal peatland Salmisuo during the
investigation periods 2005 and 2006, respectively. Here, calm nights are defined by low
turbulence (us < 0.1 m s™) measured for more than 2/3 of the nighttime. Overestimation of
CO; night fluxes during calm conditions occurred independent on the microsite type and the
regression type which was used for the flux calculation (Fig. 3). Overestimation of CO; night
fluxes during calm conditions leads to an overall overestimation of respiratory CO, fluxes and
to an underestimation of net ecosystem CO, uptake and of carbon sequestration. Small
selective overestimation of nocturnal CO; flux can cause a large underestimation of long-term
carbon sequestration. Shurpali et al. (1995) and Saarnio et al. (2007) showed based on eddy

covariance and chamber measurements, respectively, that the annually assimilated amount of
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CO; by ecosystem photosynthesis is relatively constant at one location at boreal peatlands
whereas the respiration rates vary stronger and determine the annual CO, balance.

The results of this study indicate that nighttime chamber measurements have to be carefully
checked with respect to prevailing turbulence conditions. Under low-turbulence conditions
their results can be seriously biased. As the bias is difficult to correct, closed chambers might
not be as suitable to replace eddy covariance night measurements under low-turbulence
conditions as previously thought. Methods for correcting CO, nighttime fluxes measured by
the closed-chamber approach have to be developed for unbiased estimations of respiratory

CO, fluxes.
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3.1 Abstract

The carbon pool of peatlands has been identified as unstable in a changing climate. This study
is the first presenting net ecosystem exchange, ecosystem respiration and gross primary
production over a complete growing season for different microforms of a boreal peatland in
Russia (61°56'N, 50°13'E). Carbon dioxide (CO;) fluxes were measured using the closed
chamber technique from the 25™ of April during the period of snow melt until the end of the
vegetation period and the first frost on the 20™ of October 2008 at seven different microform
types: minerogenous and ombrogenous hollows, lawns and hummocks, respectively, and
Carex lawns. There were 5517 total number chamber flux measurements. Hummocks,
ombrogenous lawns and Carex lawns appeared to be sources of CO, over the investigation
period; hollows and minerogenous lawns appeared to be CO, sinks. The CO, fluxes were
characterised by large variability not only between the microform types but also within the
respective microform types. Of all replicates, the Carex, ombrogenous, and minerogenous
lawns showed the highest variability in CO, fluxes, which is probably related to within-
microform heterogeneity in vegetation composition and coverage as well as in distance to the

water table level.
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3.2 Introduction

Peatlands are well known to be a long-term sink for atmospheric carbon dioxide (CO,), but in
a changing climate, the CO, fluxes could be substantially changed, and peatlands may
become a source of atmospheric carbon (Schreader et al. 1998, Aurela et al. 2002). Recently,
boreal peatlands have been subject to many speculations in relation to climate change effects
and greenhouse gas exchange. Some boreal peatlands were shown to be sinks of atmospheric
CO; (Shurpali et al. 1995, Alm et al. 1999, Sagerfors et al. 2008), whereas others were shown
to be sources (Shurpali et al. 1995, Alm et al. 1999, Waddington and Roulet 2000). Many
studies on CO, fluxes have been conducted in the boreal zone of North America (e.g.
Schreader at al. 1998, Moore et al. 2002) and Scandinavia (Alm et al. 1997, Waddington and
Roulet 1996, Lindroth et al. 2007, Riutta et al. 2007a, Sagerfors et al. 2008) and in the
Russian tundra (Heikkinen et al. 2004, Zamolodchikov et al. 2003, van der Molen et al. 2007,
Kutzbach et al. 2007a). The Russian boreal zone covers vast areas, and peatlands are one of
the major ecosystems of this region. Estimations by Apps et al. (1993) showed that 136 Mha
of boreal Russia are covered by peatlands and about 50 % of the world’s boreal peatlands are
located in Russia. In Siberia the peatlands are comparable in carbon sink strength to those of
old pine forests (Valentini et al. 2000). However, still little scientific evidence is available
from peatland ecosystems of this region. The CO, dynamics of peatlands of the boreal zone of
Siberia were studied by Panikov and Dedysh (2000), Arneth et al. (2002) and Schulze et al.
(2002). Their results describe a significant net carbon uptake in boreal bogs during years with
average climatic conditions. Nevertheless, the carbon fixation was higher in cool and wet
years compared to dry and warm years, when a bog may become a source of atmospheric
carbon.

The objective of this study is to investigate the seasonal dynamics of the CO, fluxes at various
microforms of a boreal peatland in the European part of northern Russia (61°56'N, 50°13'E)
and to identify the principal environmental control mechanisms during different seasons of

the year.
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3.3 Methods

3.3.1 Study site

The Ust-Pojeg study site (61°56'N, 50°13'E) is a boreal peatland and is located in east
European Russia northwest of Syktyvkar, the capital of the Komi Republic (Fig. 1) and about
1000 km northeast from Moscow. The climate is boreal continental and all-year humid with
maximum precipitation in summer. The Syktyvkar meteorological station (61°40'N, 50°51'E)
is the nearest (45 km) long-term meteorological station to the Ust-Pojeg peatland. The long-
term mean annual precipitation is 465 mm, and mean annual temperature is 1.9 °C (1999-
2008), ranging from monthly averages of -12.7 °C in January to 18.2 °C in July. The long-
term average length of the growing season (period when the mean daily temperature exceeds
5°C) is 157 days (RWS 2009). Figure 2 presents the monthly mean temperature (A) and
precipitation (B) for the investigation period in Ust-Pojeg and the long-term averages for the
period of 1999-2008 in Syktyvkar.

The Ust-Pojeg peatland is composed of ombrogenous bog areas and minerogenous, though
oligotrophic, fen areas. Within the peatland, we defined an intensive study area, which is a
circular area with a diameter of 600 m with a meteorological station placed in the centre. Our
intensive study site consists of a Sphagnum angustifolium pine bog in its northern part and a
Sphagnum jensenii fen in its southern part. The pH in the peat pore water is about 4 in the bog
part and 5 in the fen part (Wolf 2009). Both the northern bog part and the southern fen part of
the measurement site at the Ust-Pojeg peatland are composed of a mosaic of different
microforms defined by their situation within the microrelief. Hummocks which represent the
driest conditions are elevated above the surrounding area and are covered by Andromeda
polifolia, Chamaedaphne calyculata, Betula nana and Pinus sylvestris. The hollows represent
the wettest microforms and are occupied primarily by Scheuchzeria palustris and Carex
limosa. The vegetation of lawns consists of a mixture of species growing at hummocks and
hollows, respectively. The lawns are intermediate microforms with respect to water level. The
difference in the nutrient conditions of the fen and bog part is indicated by the occurrence of
Menyanthes trifoliata and Utricularia intermedia in fen part of the investigation arca. The
transition zone between the fen and bog part is characterised by Carex rostrata lawns and

ombrogenous lawns. Average peat depth is about 2 m.
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Figure 1: A: Map of European Russia. The study was conducted 45 km NW of Syktyvkar. B:
Ust-Pojeg peatland study site. C: More detailed view on the study site. Area inside the
circle indicates the intensive study site. Original data for B and C QuickBird
(c)DigitalGlobeTM, distributed by Eurimage/Poyry Environment Oy.
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Figure 2: A: Monthly mean temperatures at Ust-Pojeg study site in 2008 and at Syktyvkar
meteorological station in 2008 and for the period 1999-2008 B: Monthly mean
precipitation at Ust-Pojeg study site in 2008 and at Syktyvkar meteorological station in
2008 and for the period 1999-2008. Error bars indicate standard deviations for the long
term monthly mean temperature and precipitation C: Effective temperature indices
(ETI, and ETIs) at Ust-Pojeg peatland.
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3.3.2 Experimental setup

CO, exchange was measured four times per week from 23" April to 20™ October 2008
applying a closed chamber approach. To capture the variance of the CO, fluxes within over
the day, we conducted series of measurements once per week during morning (5 am to 11 am
local time) and once per week during evening (6 pm to 12 pm local time); the two other series
of measurements were conducted during daytime. We took a total of 5517 closed-chamber
measurements.

A total of 18 measurement plots were established within the intensive study site in different
microform types: 2 replicates each in ombrogenous hollows (OHO), lawns (OL) and
hummocks (OH), and 3 replicates each in minerogenous hollows (MHO), lawns (ML) and
hummocks (MH), and Carex rostrata lawns (CL). The sample plots were chosen subjectively,
after a visual inspection of the site. The arrangement of the measurement plots had to satisfy
different goals: to cover the spatial variation in vegetation and water table levels and to be as
near as possible to each other as heavy and bulky equipment was used for the measurements.
At each measurement plot, permanent collars were installed at least two weeks before the start
of the chamber measurements. The insertion depth of the collars was 15-40 cm. Boardwalks
were built to prevent disturbance of the plant cover and peat during the measurements. At
each microsite, soil temperature was measured at depths of 5 cm, 10 cm, 20 cm and 40 cm
with a sampling frequency of 30 minutes (HOBO U12, HOBO, USA). The depth of ground
water near the collars was measured manually each sampling date. Photosynthetic active
radiation (PAR) was measured with a quantum sensor (SKP215, Skye Instruments Ltd., UK)
and the air temperature with a temperature probe (CS 215, Campbell Scientific, USA) at the
weather station in Ust-Pojeg peatland at a height of 2 m above the ground. Friction velocity
(ux) was used to describe atmospheric turbulence conditions and was calculated over half-
hour intervals from 20 Hz wind vector measurements by a three-dimensional sonic
anemometer at 3 m above the ground (Gill 3R, Gill Instr., UK).

The green leaf area index (GAI) was determined to describe the vegetation development over
the growing season. The method was described thoroughly by Wilson et al. (2007). The green
leaf area index of vascular plants (GAly.sc) Was calculated as a product of the leaf size and
number of green leaves every 2 weeks. The number of the leaves of each species in each plot
was counted. If the vegetation was very dense, five permanent sub-samples (10 cm x 10 cm)
in each plot were marked, and the leaves were counted only in five sub-plots. Species which

show large seasonal dynamics in leaf size, e.g. sedges, were measured non-destructively with
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a tape measure on five marked shoots outside the plots. Species which have a relatively stable
leaf size during the whole growing season, e.g. shrubs, were sampled only once during
summer. The seasonal development of GAly,sc was unimodal and normally distributed with
clearly defined maxima. For modelling of the GAl,,s. over the season, we fitted a Gaussian-
type function to the measured data. The green leaf area of mosses (GAloss) Was estimated as
the projection coverage of living moss capitula which was about 0.75 m? m™. The estimated
moss cover was used as a generalization over the growing season. GAI was calculated as a
sum of GAlyas and GAless and was used as an explaining variable for modelling the CO,
fluxes.

The effective temperature sum index (ETI) was used to describe the thermal characteristics of
the investigated area. ETI was calculated by dividing the effective air temperature sum by day
number, starting from 1% of April=day 1 (Alm et al. 1997, 1999). Two different indices were
determined: one with a daily mean temperature threshold of 5 °C (ETIs) and the other with a

daily mean temperature threshold of 2 °C (ETL,).
3.3.3 CO; flux measurements

The closed chamber technique was applied to measure the net ecosystem exchange (NEE) and
ecosystem respiration (Re,). The NEE was measured using a transparent chamber
(60 cm x 60 cm x 32 cm) made of polycarbonate sheets with a thickness of 1.5 mm. For Reg,
measurements, the chamber was covered with an aluminium shroud. The chamber was
equipped with a fan, and the headspace air temperature was controlled to within
approximately +1 °C of the ambient temperature by an automatic cooling system. A PAR
sensor (SKP212, Skye Instruments Ltd., UK) was installed inside the chamber. During the
flux measurements, the chamber was put on preinstalled collars, which were equipped with a
water-filled groove around the top to avoid air exchange between the headspace and the
ambient air. Initial pressure shocks during the chamber setting were minimised by two large
openings on top of the chamber which were closed only after setting the chamber. The CO,
concentrations were measured using a CO,/H,0 infrared gas analyzer (LI-840, Licor, USA).
CO; readings were taken at 1 second intervals over 180 seconds. The data was recorded using
a data logger (CR850, Campbell Scientific, USA). The CO, flux was calculated from the
change in CO, concentration in the chamber headspace by fitting an exponential model and
determining the rate of initial concentration change at the start of the closure period. More

detailed information about the fit method can be found in Kutzbach et al. (2007b). If the
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curvature of the nonlinear curves was not explainable by the theoretical model presented in

Kutzbach et al. (2007b), the slope of a linear regression line was used for estimating the flux.

3.3.4 Screening and modelling of CO, fluxes

It was shown previously that measurements of CO, fluxes by the chamber method can be
disturbed during low turbulence conditions (Schneider et al. 2009). In order to exclude data
disturbed by low turbulence from further analyses, we used a friction velocity threshold of 0.1
m s for screening the data. For modelling of the seasonal CO, fluxes 265 measurements
conducted during night (PAR <10 pmol m™s™) and calm conditions (us < 0.1 m s™) were
rejected.

For modelling of CO; fluxes, models based on photosynthetically active radiation (PAR in
umol m™s™), air temperature (T in °C), and GAI (m? m?) or ETI as explanatory variables
were used. We expected differences in CO, fluxes not only between different microforms but
also within the respective microform types. To analyse these differences, each field plot was
modelled separately. The data sets of individual sample plots were large enough to obtain

acceptable models. NEE was modelled as follows:

a, xTxGAIxPAR

NEE = +p, Xex xT

PAR <k, p, xexp(p, xT) (1)
or

Tx ETIx PAR
NEE = 275 2= X8R | o xexp(p, xT) )

PAR +k,

Furthermore, we performed a separate modelling of R, and gross primary production (GPP).
For an estimate of GPP, values of measured R, fluxes were subtracted from values of
measured NEE fluxes measured directly before the Re., measurement. Those estimated values
for GPP were used for modelling of GPP over the investigation period. Re., and GPP were

modelled using the following equations:

R =p; xexp(p, xT) (3)
or

R.., =p, x GAlIxexp(p, xT) (4)
or

R.., =p, xETIxexp(p, xT) (5)
and
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a, xTxGAIxPAR

GPP =

PAR +k, 6)
or
Gpp = & x Tx ETIx PAR

PAR +k, (7)

where a;, ky, p1 and p; are fitting parameters.

In this study, NEE is defined negative when GPP exceeds Re., and there is a net movement of
carbon dioxide from the atmosphere. NEE is defined positive when R, exceeds GPP and
carbon dioxide is released to the atmosphere. Hence, GPP and carbon dioxide uptake were
defined as a negative flux and R, and carbon release to the atmosphere as a positive flux.
The reduction of radiation by chamber walls was assessed from measurements of PAR inside
and outside the chamber (Fig. 3). PAR inside the chamber (mean of the first ten seconds of
the measurement) is on average 30 % lower than the mean PAR value measured at the
weather station over the respective half-hour measurement interval. The difference between
PAR measured inside and outside the chamber was highly variable depending on sun
elevation and cloud cover. A reduction of the PAR inside the chamber causes lower
photosynthetic rates inside the chamber than outside. For the seasonal modelling of NEE not
disturbed by a chamber, the NEE flux model derived from chamber PAR measurements was

driven using the half-hourly mean PAR value measured at the weather station.
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Figure 3: Comparison of photosynthetically active radiation (PAR) inside and outside of the
chamber. PAR inside the chamber is the mean of the first ten seconds of the flux
calculation period, PAR outside the chamber is the half-hourly mean for the according
half hour measured at the weather station. The 1:1 line indicating agreement is shown.
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To account for the seasonality in gas flux controls on various microforms, the data was split
into four periods based on vegetation development characteristics and weather conditions. We
distinguished between spring (23.04-23.06), early summer (23.06-09.07), summer (10.07-
19.08) and autumn (20.08-20.10). NEE fluxes were modelled separately for the different
periods, whereas R, and GPP fluxes were modelled over the complete investigation period.
Empirical modelling was conducted by nonlinear least-squares fitting using the function
nlinfit of the MATLAB® software package (version 7.1, The MathWorks Inc., Natick, USA).
For calculating the intensive study site’s overall CO, balance, the relative cover of the
different microform types was determined along eight transects. The method was described
by Laine et al. (2006). All 300 m long transects started at the centre point of the investigation
area and headed toward the cardinal and intercardinal directions. The contributions of the
microform types along each transect were recorded and the percentage contribution was
assumed to be representative for the spatial coverage of the microform types in the
surrounding 45° sector. Each sector was defined as 1/8 of the intensive study site’s circular

area and included the transect in the middle of the sector.
3.4 Results
3.4.1 Weather, soil conditions and vegetation development during the investigation period

At the beginning of the investigation period, the daily average air temperature did not exceed
2 °C (Fig. 2). The thermal growing season (mean daily temperature of five consecutive days
exceeding 5 °C) started on the 25™ May and continued until 7" October. The length of the
growing season 2008 was accordingly 154 days. The highest mean daily temperatures (25-31
°C) were recorded between 21% and 26™ June and 18" and 23" July. Cold (10-15 °C) and
rainy periods of two to five days followed the warm periods. During the summer, night
temperatures frequently fell below 10 °C, and occasionally below 5 °C. After the 7th
September the daily mean air temperature did not exceed 10 °C and dropped below 0 °C
around the 15™ October. The monthly air temperatures in 2008 slightly differed from the ten-
year average with colder April, May and September and a warmer October (Fig. 2).

At the start of the measuring campaign, the investigation area was no longer snow-covered
although some precipitation still fell as snow. Underground ice was present until around the

29" of April. August was exceptionally wet; the precipitation was nearly as high as the sum of
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the preceding three months (149 mm) (Fig. 2). In October, some snow showers passed, but
the snow cover did not remain longer than one day.

Precipitation and lateral flow of ground water kept the water table in continuous change. The
temporal variability in water table at the individual measurement plots was 19-23 cm.

The seasonal development of the effective temperature indexes with a threshold of 2 °C
(ETI,) and with a threshold of 5 °C (ETIs), respectively, are shown in Figure 2 C. ETI started
to increase slowly in April followed by steep increase in May and June. The highest ETI
values could be observed in August followed by a slow decrease in September and October.
The GAI development varied strongly between the microforms; in spring an earlier increase
of GAI was observed at hummock sites compared to hollow sites but the hollows were
characterised by a steeper increase in GAI in spring than the hummocks and lawns (Fig. 4). At
all sites, the GAI reached its maximum in August, but the maximum values varied
considerably. Highest maximum values (3.5 m> m™) occurred at minerogenous hollow sites,

lowest values (0.3 m* m™) occurred at ombrogenous hummock sites.
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Figure 4: Lines: Modelled green leaf area index of vascular plants for different microform
types in Ust-Pojeg peatland: ombrogenous hollows (OHO), lawns (OL) and
hummocks (OH), and minerogenous hollows (MHO), lawns (ML) and hummocks
(MH), and Carex rostrata lawns (CL). Each microform type is represented by one
plot, plot number (pn) in parentheses; squares and triangles: examples for measured
GAI of vascular plants for ombrogenous hollows and ombrogenous hummocks,
respectively.
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3.4.2 Measured CO, fluxes

The highest maximum values of CO, uptake were determined at minerogenous lawns,
followed by Carex lawns, minerogenous hummocks and then hollows (Fig. 5). Microforms in
the ombrogenous part of the peatland were characterised by lower maximum values of CO;
uptake than in the minerogenous part. The highest maximum values of CO, release were
found at Carex lawn sites, followed by minerogenous and ombrogenous hummocks, while the
lowest maximum values of CO, release were observed at minerogenous hollow sites.

Seasonal NEE dynamics were different between microforms but seasonal patterns were well
expressed at all microforms (Fig. 5). At hollow sites, daytime R, exceeded the
photosynthetic activity until around 6th June resulting in net CO, release even during the day.
Hummocks behaved differently: the photosynthetic activity was higher than daytime
respiration from the beginning of the measurement period resulting in CO, uptake during the
daytime. CO; uptake increased to its maximum between 231 July and 10" August, following
the seasonal GAI development. From the 5™ September, the daytime respiration again
continuously exceeded the photosynthetic activity at hollow sites. The vegetation at hummock
sites and at Carex lawns continued to have higher photosynthetic activity than the respiration
during the day until the end of the measurement period. The variance of NEE within the day
was low in spring and autumn at all microforms. Unlike the ombrogenous hollow sites, CO,
release was higher than CO, uptake at ombrogenous hummock sites in summer. Hollows and
hummocks in the minerogenous part of the peatland showed the same pattern of CO; fluxes as
in the ombrogenous part but at ombrogenous hummock sites the CO, release was higher than
the CO, uptake.

Clear differences in daytime R, were found between the microform types. The highest
maximum R, fluxes during the day were observed at minerogenous hummocks and
ombrogenous lawns, followed by Carex lawns and ombrogenous hummocks (Fig. 6). Highest
Reco fluxes occurred at all microforms in July and August. At all microforms except
hummocks, the respiration rates were higher in autumn than in spring. The highest maximum
GPP values were observed at minerogenous lawns, followed by Carex lawns and
minerogenous hummocks (Fig. 7). In general, minerogenous microform types had higher GPP
than the analogous ombrogenous microform types. The annual peak in GPP occurred at all

microforms through July and August.
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Figure 5: NEE at different microform types in Ust-Pojeg peatland over the investigated
period, each microform type is represented by one plot, plot number (pn) in
parentheses. Squares indicate the seasonal patterns of measured NEE; the line
indicates the modelled NEE fluxes within the chambers. Microform acronyms are
explained in Fig. 4 and text.
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Figure 6: R, at different microform types in Ust-Pojeg peatland over the investigated period,
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each microform type is represented by one plot, plot number (pn) in parentheses.
Squares indicate the seasonal patterns of measured Re,; the line indicates the
modelled Rec, fluxes within the chambers. Microform acronyms are explained in Fig.
4 and text.



0 T R 0 K 'I T TRTT
! |
P— el R 1ol W ]
Q‘E 'f. LN _-- . ‘:-..._.__ [
Q" il
O
g .
ISERv ] & J-a00 | ]
!
(]
-600 +-600 - 4
OHO (pn 1) MHO (pn 14)
May Jun Jul  Aug Sep Oct May Jun Ju  Aug Sep Oct
TR ETTE | TRRE
¥ 0 T £ .
G il R 1 L il ' .
W 20f Rt B 1200} Ll B il e, 1
e . A B i -
=
(8]
g
X 400 + -+-400 - 4
SN
(8]
-600 - ~+-600 - <
OH (pn 3) MH (pn 9)
Méy Jﬁn Jhl Aﬁg Sép O'ct Mlaly JL'JFI Jhl Al'Jg Sép dct
0= ‘ 0 - : —
1 el F - AR il
~ 200 g I o G J-200 | it 1 J
) v i il | il
E o 1
S Tal W
(8]
g -a00f +-400 | 1
g 1
-600 |- 1-e00| LTk J
OL (pn 6) ML (pn 11)
May Jun Jul  Aug Sep Oct May Jun Ju  Aug Sep Oct
0 7 i -
L}
o 200} ::._' LRIMINAT e ::.: 1
k) a5 i
ON r
(] 1
2 ol . ]
.
(8]
-600 4
CL (pn 8)

Méy Jﬁn Jhl Aﬁg Sep Oct

Figure 7: GPP at different microform types in Ust-Pojeg peatland over the investigated
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Squares indicate the seasonal patterns of measured GPP within the chambers; the line
indicates the modelled GPP fluxes. Microform acronyms are explained in Fig. 4 and
text.
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3.4.3 Environmental controls on NEE, R, and GPP and modelling the carbon balance

Air temperature is one of the dominant controls on NEE dynamics. A model composed of an
air temperature-dependent light saturation function to reflect the dependency of
photosynthesis on PAR and an exponential function to reflect the dependency of Rec, on air
temperature was successfully used for modelling NEE in this study. PAR was a significant
control of daily NEE variations through its first-order control of photosynthesis. Model
parameters for NEE for different microform types are presented in Table Al. Including water
table depth as a predictor variable did not increase the explanatory power of the regressions.
Since we have modelled the NEE fluxes for four periods: spring, early summer, summer and
autumn, we could obtain different patterns in model performance at different microforms. For
example, models using ETI had higher coefficients of determination than models using GAI
for hollows and minerogenous lawns in spring, and models using GAI had higher coefficients
of determination than models using ETI for hummocks and ombrogenous lawns in spring. In
summer, the performance of models using GAI was better than of models using ETI at all
microforms. In autumn, a less general pattern could be observed. At minerogenous hollows
and lawns, the performance of the models using GAI was better than by using ETI, indicated
by higher coefficients of determination. We tested the two ETI with different temperature
thresholds for our empirical models, and models using ETI, often had higher coefficients of
determination than models using ETIs. Modelling of seasonal and daily variations in NEE
fluxes was more successful at hollows as indicated by higher coefficients of determination
than in both the minerogenous and ombrogenous hummocks. As the fluxes were more
variable in early summer and summer fluxes, they were more difficult to model compared to
spring and autumn fluxes (Tab. Al).

When R, was modelled separately, air temperature was also an important factor controlling
the dynamics of Rec, for all microforms except for hollows. Figure 9 shows scatter plots of
measured CO, flux against air temperature or water table depth, respectively, for
minerogenous hollows and hummocks. The corresponding modelled Re., fluxes are shown in
Figure 6. The low coefficient of determination for hollows (Tab. A2) indicated the low
explanatory power of air temperature and water table depth for R, flux at hollows. The
incorporation of ETI or LAI into the modelling equations considerably improved the model
performance. The R, fluxes were best modelled for hummocks followed by lawns and

hollows (Tab. A2).
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GPP was modelled based on PAR, air temperature and either GAI or ETI. Models based on
ETI usually underestimated the GPP fluxes in spring, whereas models based on GAI usually
underestimated the GPP fluxes in autumn, especially at hummock sites. The GPP fluxes were
best modelled for minerogenous lawns, followed by hollows, minerogenous hummocks and
ombrogenous lawns (Tab. A3).

The modelled data of NEE, R, and GPP showed that the regression models naturally give
conservative predictions; they underestimate high values and overestimate low values. The
magnitude of over- and underestimation varies between the different microforms: modelling
of CO; fluxes at flark sites is less affected compared to hummocks.

The cumulative sums and errors of the modelled NEE over the season (Fig. 8) showed
differences in seasonal NEE within and between various microform types of the Ust-Pojeg
peatland. The difference in cumulative sums between the ombrogenous and minerogenous
hollow sites was comparatively small: only the CO, uptake during the summer was slightly
stronger at minerogenous hollow sites. The ombrogenous and minerogenous hummocks
differed strongly in the patterns of the modelled CO, exchange over the season. Two of the
minerogenous hummocks showed small negative values of cumulative NEE during the
summer. The cumulative NEE of ombrogenous hummocks was continuously positive.
Cumulative NEE at minerogenous lawns showed a steep decline in summer meaning that the
minerogenous lawns were strong CO, sinks during summer. The cumulative NEE of
ombrogenous lawns was nearly continuously positive. At Carex lawn sites, the three sites
were split between a strong CO, source (1052 + 24 g CO, m™), a slight source (27 + 14 g CO,
m?), and a sink (-185 + 9 g CO, m™).The biggest differences between the replicates of one
microform type were determined at minerogenous and ombrogenous lawns and Carex lawn
sites.

Based on the modelled time series of NEE, the CO, budgets for all microform types were
calculated (Fig. 8). During the period of observations, the CO, budget was estimated to be
negative (CO; sink) for hollows, minerogenous lawns and one of the Carex lawns sites and

positive (CO; source) for hummocks, ombrogenous lawns and two Carex lawns.
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3.5 Discussion

3.5.1 Within microform variability in CO, fluxes

We observed high variability in measured NEE, R, and estimated GPP within microform
types. Carex lawns and minerogenous lawns were the microform types with especially large
variability of NEE within one microform type (Fig. 8). The reason for the differences within
these Carex lawns probably derives from differences in land cover of each plot’s dominant
species. The maximum GAI at plots which were densely covered with vegetation was
2.3m’* m” and 2.0 m* m” compared to 0.8 m> m™ at less covered plot. This indicates that at
plots with similar water table depths differences in GAI could determine whether a plot is a
CO; sink or source.

Differences in NEE between the minerogenous lawns were probably caused by water table
and vegetation characteristics. Although the water table was higher at plot 15 than at plot 13
and we expected the seasonal CO, exchange to be negative, but was positive instead. This
change is probably due to the vegetation composition as it consists partly of vegetation
typically found at hummock sites. Plot 15 showed the NEE pattern typical for hummocks
despite the high water table level.

A difference in GPP fluxes between the ombrogenous hummocks could be observed. This
difference could not be explained by difference in vegetation composition (mix of Andromeda
polifolia, Chamaedaphne calyculata, Oxycoccus palustris and Sphagnum spec.) and in GAI
(1.8 — 2.5 m’m™), as they were very similar. Probably, the difference in maximum water table
depth of 11 cm between the two plots was related to the higher respiration rates of the plot
with lower water table depth compared to the plot with higher water table depth. The lower
water table depth implicates a greater aerated portion of the peat profile. This could lead to
enhanced oxygen availability for microbial decomposition and root growth and thus to higher

respiration rates (Bubier at al. 2003a).
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explained in Fig. 4 and text.
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3.5.2 Variability in CO; fluxes between microform types

The differences in CO; fluxes between microforms might be explained by differences in GAI
and water table depth. Although minerogenous hollows were characterised by higher GAI
than minerogenous lawns, they did not have a higher CO, uptake. Beside Scheuchzeria
palustris and Carex limosa, Utricularia intermedia grew in minerogenous hollows. These
submerged aquatic carnivorous plants are characterised by limited photosynthetic uptake of
inorganic carbon (Adamec 1995), which might also explain lower CO, uptake in the
minerogenous hollows compared to lawns. Minerogenous hollows were water-saturated
during most of the investigation season, resulting in lower mean NEE, R., and GPP
compared to minerogenous lawns. Mosses in peatlands are adapted to high water table levels
in peatlands, but very high water content in Sphagnum mosses slows down the CO; and O,
exchange to the photosynthetically active tissues (Wallen et al. 1988), thus the environmental
conditions at minerogenous lawns were more favourable for photosynthesis and respiration of
mosses than at minerogenous hollows.

Water table depth influences photosynthesis as well as respiration. The lower GPP fluxes of
the hummocks compared to lawns might be explained by the effect of surface dryness which
occurred more often at hummocks and leads to a reduction of photosynthesis of both vascular
plants and Sphagnum mosses (Arneth et al. 2002). Water table depth and Re., were related in
the spatial domain: hummocks with the lowest water table showed the highest respiration
while hollows with the highest water level showed the lowest respiration. Minerogenous
lawns had intermediate water levels and intermediate respiration. However, ombrogenous
lawns were characterised by very high respiration fluxes. Lowering of the water table was
found to cause an increase in ecosystem respiration (Oechel et al. 1993, Johnson et al. 1996).
The main cause of increased ecosystem respiration is the increased peat decomposition and
mineralisation under oxic conditions, which is probably the main component of R, (Silvola
et al. 1996).

We contextualized our work by comparing it to similar studies (Tab. 1). Even though all study
sites were located in the boreal zone, they are characterised by different climatic conditions
and the GAI of the microforms from different study sites may be different. While comparing
the CO, fluxes measured at different investigation sites, we also have to be aware of the
different weather condition during the study periods and different number of investigation
periods. These differences in climate weather and site conditions might explain the

differences in CO; fluxes measured at different investigation sites.
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Table 1: Review of CO, fluxes measured by closed chamber technique at pristine boreal peatlands.

Location

Reference

Characteristics

Comparison parameter Other study This study
Low sedge-sphagnum-pine fen
hummock GPP* -1151.59 CO, m* -1243 +115 g CO, m?*
Reco® 755.5 g CO, m™ 1255 + 141 g CO, m™*
Finland Carex lawn GPP* -1162.59 CO, m” -1233 + 115 g CO2 m?*
62°47N  Alm et al. 1997 Reco™ 601.5g CO, m? 1192 +390 g CO2 m™*
30°56'E hollow GPP* -825 g CO, m” -692 +62 g CO, m?*
Reco™ 403.5 g CO, m? 516 +4 3 g CO, m?*
*May-October *mean of respective
measurement plots and
standard deviation
Open Sphagnum bog
hummock GPpP* -627 g CO, m? -816 + 230g CO, m*
Reco™ 1056 g CO, m™ 1051 + 423 g CO, m™*
Finland Sphagnum angustifolium lawn GPP* -861 g CO, m” -989 + 141 g CO, m™*
62°50N  Alm et al. 1999 Reco® 7119 CO, m? 1361 + 202 g CO, m™?*
30°53'E hollow GPP* -689 g CO, m* -820 + 66 g CO, m™*
Reco™ 726 g CO, m™ 524 + 32 g CO, m2*
*May-October *mean of respective
measurement plots and
standard deviation
Fen
small hummock mean GPP* -8.89 CO, m?d* -5.9gCO, m?d*
Canada mean Reg,* 9.9¢CO, m?d"* 549 CO,m?d"
58°N45'N  Griffis et al. 2000 large hummock mean GPP* -519CO, m?d*
94°04'W mean Reco* 559 CO; m?2d?
hollow mean GPP* -219CO, m?%d* -34gCO,m?d?
mean Reco* 3.49CO, m?*d* 1.8gCO, m?d*

* June-August




low pine-shrub-sphagnum bog

105.6 + 27.2 mg CO, m*h**
112.4 + 39.4 mg CO, m?h™*

448 + 561mg CO, m2h™*
317 + 386 mg CO, m?h™*

Russia sedge-sphagnum fen
sgosgN  oolovatskaya & mean Rec, of snow free * mean of 8 investigation periods ~ * mean of measured values at
82°36'E Dyukarev 2009 season ombrogenous and
minerogenous part,
respectively
Finland Riutta et al. Oligotrophic fen maximum GPP -1316 mg CO, m*n™ -1337 mg CO; m?h™
61°47'N 2007b gotrop maximum Reco 561 mg CO, m?h™ 1235 mg CO, m?h™*
24°18'E
Sweden . Eccentric raised bo )
644N  \Vaddington & pummock NEE 180 g CO, m?, -58.7 g CO, m” 627.6 £12.49 CO, m”
20°06'E Roulet 1996 hollow May-September 96 g CO, m?, 1288 g CO, m™ -107.5+£6.7gCO, m
for two different years

mean GPP -1170 g CO, m™?* -1040 g CO, m™?*
Finland Riutta et al mean Reco 810 g CO, m'_22* 856 g CO, m_'j*
61°47'N |uz a7e a Oligotrophic fen mean NEE -430g CO;m™* -50 g CO, m™*
24°18'E 007a May-October * mean of 4 investigation periods * mean of all measurement

plots in minerogenous part
weighted by area




Studies by Alm et al. (1997, 1999) at finish peatlands show the same range of CO, fluxes as
measured at the Ust-Pojeg peatland, even though the investigation period of the study by Alm
et al. (1999) was characterised by a summer drought. The maximum R, fluxes are about
double of the maximum R, fluxes measured by Riutta et al. (2007b) and the mean Rec,
fluxes at Ust-Pojeg peatland are about four times the average R.., estimated by Glovatskaya
and Dyukarev (2009). We found contrary results to Waddington and Roulet (1996) who

reported hummocks to be CO; sinks and hollows CO, sources.

3.5.3 Variability in CO; fluxes between ombrogenous and minerogenous parts of the peatland

At Ust-Pojeg peatland, differences in CO, fluxes between the minerogenous and
ombrogenous parts of the study site have been observed. Lindroth et al. (2007) described the
coupling between peatland type and NEE as less obvious than between the long-term average
peat carbon accumulation rate and peatland type. However, Bubier at al. (1999) reported an
increase in photosynthesis and respiration from bogs over poor fen, intermediate fen to rich
fen. At the investigated peatland, carbon fluxes can not be generalised in this form. This result
was only found for some microform types, for example for Re., and GPP fluxes at hummock
sites and only GPP at lawns. The results of this study confirm the findings of Bubier et al.
(1999) that a poor fen is a stronger CO; sink than a bog. In the case of the Ust-Pojeg peatland,
the ombrogenous part of the peatland is even a CO, source. The minerogenous and
ombrogenous part of the Ust-Pojeg peatland do not only differ in pH (5 and 4 for
minerogenous and ombrogenous part, respectively) and C/N values (42 and 65 for
minerogenous and ombrogenous part, respectively) (Wolf 2009) but also in water table depth,
thus one of the reasons for the different CO, fluxes of ombrogenous and minerogenous
hummocks in summer could be that the distance to the water table is greater at the
ombrogenous hummocks. Thus, the impact of the summer drought could have been stronger

at the ombrogenous hummocks.

3.5.4 Seasonal cycle of CO, fluxes

The timing of the snow melt and the hydrometeorological conditions during the growing
season control the CO, exchange of a boreal peatland. At the Ust-Pojeg study site April and
May were colder than the ten-year average. Warmer weather occurred in the second half of

June, this is about two weeks later than on average. Studies by Friborg et al. (1997), Aurela et
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al. (2004) and Moore et al. (2006) showed that the spring period controls the annual CO,
balance of peatlands. The snow melt timing is important as it determines the onset of the
photosynthesis which is associated with moss activity followed by the activity of the
evergreen shrubs. Although the snow melt continued until the beginning of May, the low air
and soil temperatures, the snowmelt water and the slow vegetation development inhibited
photosynthetic activity in spring 2008. Although some of the lawns were vegetated by shrubs
which were above the snowpack, the hummocks started the CO, uptake earlier. This early
onset of photosynthesis is likely associated with the mosses, which can photosynthesize as
soon as the snow disappears and they receive light (Moore et al. 2006), and hummocks were
snow-free earlier than other microform types. The mean air temperature of the summer
months June, July and August agreed well with the ten-year average temperature. However,
CO; exchange is sensitive to variations in environmental factors on a short term scale, for
example, GPP and R, decreased due to a strong decrease in air temperature at the end of
July and beginning of August. In October, the air temperatures were higher than the ten-year
average which led to enhanced respiration but not to increased photosynthesis because the
senescence of the vegetation plays an important role for the photosynthetic activity.
Photosynthesis at hummocks was strong in the beginning and at the end of the growing
season probably due to the shrubs. Hollows did not have highest summer photosynthesis rates
compared to other microforms even though they had highest maximum GAI values. As
described above one reason therefore could be the low photosynthetic rate of the submerged
plants. The increasing air temperature and water table drawdown over the season controlled
the seasonal cycle of R, leading to a maximum at the end of July to the beginning of August.
The reason for the timing of the maximum values of the GPP lay in the phenological

development of the vegetation period.

3.5.5 Environmental controls and model performance

Air temperature showed a stronger relationship to CO, fluxes compared to peat subsurface
temperatures in different depths or to surface temperature and was thus used for the regression
analysis of the NEE, R, and GPP fluxes. At all microforms, water table depth was correlated
with air temperature and the periods with low water tables and higher air temperature were
related with increasing NEE fluxes.

Although regressions between R, temperature and water table depth showed that both

environmental factors were important in predicting Rec,, multiple regressions that included
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water table did not gain explanatory power for variations in R, compared to regressions
based on air temperature only. This is probably due to the collinearity between air
temperature and water table depth. We observed differences in the strength of the statistical
relationship between air temperature and R, as hummocks were characterised by stronger
relationships than lawns and hollows. The relationships between water table depth and Rec,
were characterised by the same pattern. At all microforms, decreasing water table depth
caused increasing respiration values. At all microforms except the hollows, the relationship

was exponential (Fig. 9).
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Figure 9: Top: Relationship between air temperature and R, for minerogenous and
ombrogenous hummocks and hollows. Black dots indicate the measured CO; fluxes,
the lines fitted exponential curves. Bottom: Relationship between water table depth
and Rec,. Black dots indicate the measured CO, fluxes; the lines fitted exponential and
linear curves for a minerogenous hummock and hollow, respectively. Note the
different scales in the hummock and hollow figures. Each microform type is
represented by one plot. For comparison of modelled R, for minerogenous hummock
and hollow over the investigated period see graphs in Figure 6. Microform acronyms
are explained in Fig. 4 and text.

Heikkinen et al. (2002) reported similar results; the wet hollows at their investigation site had
the lowest determination coefficient for the relationship between air temperature and
respiration compared to other microforms. There were also strong relationships between GAI
and respiration indicating the importance of plant processes beside the influence of water
table and temperature on respiration. Also studies by Raich and Tufekcioglu (2000), Riutta et
al. (2007a) and Wilson et al. (2007) indicate vegetation as one important respiration control.
Not only depends the plant respiration (above- and below ground) on the plant species but

also the soil respiration may be effected by the plants as it influences the soil microclimate
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and the quality and quantity of detritus supplied to the soil. We observed a spatial pattern in
the strength of relationships between GAI and respiration; hummocks had stronger
correlation, followed by lawns and hollows in ombrogenous and minerogenous part of the
peatland.

It has been possible to model the NEE, R, and GPP fluxes with good agreements between
modelled and measured CO; fluxes (Fig 5, Fig. 6, Fig. 7, and Fig. 10). Among the microforms
studied at Ust-Pojeg peatland, the hummocks seemed to be most sensitive to diurnal and

seasonal changes in environmental conditions affecting NEE, R, and GPP modelling.
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Figure 10: Examples of NEE model performance at different microforms. Number in
parentheses indicates the plot number. The 1:1 line indicating agreement is shown.
Note the different scales in the hummock and hollow figures. Microform acronyms are
explained in Fig. 4 and text.

The modelling of seasonal and daily variations in NEE was more successful when the
variations in CO, fluxes were small. We observed different patterns in model performance
when modelling NEE depending on if ETI or GAI was used for modelling. The differences in
model performance were related to the development of the GAI and ETI over the season and
in the processes dominating the NEE fluxes at different microforms during different times of

the year. ETI had a better performance at hollows and minerogenous lawns in spring (Tab.
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A1l). Those were the microforms with the highest water level above the peat surface and the
vegetation which developed later compared to other microform types. The NEE fluxes were
dominated by respiration even during the daytime so the NEE fluxes could be modelled best
by using the ETI. The modelling results have been different for hummocks in spring, when
GAI had a better performance than ETI. The reason therefore is the fast development of
vegetation at hummocks which was better reflected by the rapid GAI development rather than
by the slow increase in ETI. During the summer, best modelling results for NEE could be
obtained using GAI indicating the importance of vegetation as a control.

In our study, the relationship between ETI, and CO, fluxes was often stronger then between
ETIs and CO; fluxes. ETIs was developed for studies of agricultural production in the boreal
zone where crop development is proportional to the increment of the effective temperature
sum with a threshold of 5 °C (Solantie 2004). A lower temperature threshold in our study is
likely explained by a better adaptation of the natural vegetation of the boreal zone to low
temperatures than the crops.

The seasonal and daily variations in R, were best modelled for hummocks followed by
lawns and hollows (Tab. A2). The reason for the better performance of the hummock
modelling was the stronger relationship to air temperature, water table depth and GALI for that
microform type compared to hollows at which the relationships were rather weak.

Models based on ETI usually underestimate the GPP fluxes in spring, indicating the important
role of fast vegetation development, whereas models based on GAI usually underestimate the

GPP fluxes in autumn, especially at hummock sites.

3.5.6 Spatial upscaling

Studies by Alm et al. (1997), Riutta et al. (2007a) and Sagerfors et al. (2008) reported that
boreal fens and ombrotrophic bogs (Moore et al. 2002) were CO, sinks. Our study site is
characterised by minerogenous and ombrogenous parts; the minerogenous part was a CO,
sink and the ombrogenous part a clear CO, source. One explanation for the differing results
from the ombrogenous part of the Ust-Pojeg peatland could be that the investigation period of
this study was longer than some of the previous closed chamber studies in northern peatlands
(Waddington and Roulet 1996, Alm et al. 1997, Bubier et al. 2003b) including also spring and
autumn which are characterised by CO, release rather than by CO, uptake. This could be one
of the reasons for some of the microforms being a CO, source over the investigated period.

Shurpali et al. (1995) showed in their study that a boreal ecosystem can be a CO; source on a
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dry year but a sink in the following wet year, highlighting the importance of long-term
studies. Did hot and warm summer conditions also influence the CO, fluxes at Ust-Pojeg
peatland? As described above, the air temperature during the summer of the investigation
period was similar to average values, and the precipitation was above average values, so the
vegetation did not experience extreme drought during that year. Thus, it is rather unlikely that
summer drought could be the reason for the ombrogenous part being a CO, source during the
investigation period in 2008. Despite the interannual variations in temperature and
precipitation, further external drivers may include long-term changes in mineral nutrient
supply generated by anthropogenic activity. For example, improved nitrogen supply could
lead to increased peat decomposition and loss of carbon (Franzén 2006). In the case of the
Ust-Pojeg peatland the source of anthropogenic emissions could be the nearby city of
Syktyvkar.

About 33 % of the intensive study at the Ust-Pojeg peatland is covered by the minerogenous
microforms, 15 % by the Carex lawns and about 52 % by ombrogenous microforms. The
ombrogenous part was a strong CO, source while the minerogenous part was a weak CO,
sink. The result of an area-weighted calculation of the NEE for the intensive study site was an
average release of about 330 g CO, m™ over the investigated period. The land cover
classification of the entire peatland showed that about 50 % is covered by bogs and 50 % by
fens (Susiluoto, personal communication). If we would assume the lowest rate of CO, fluxes
during the first measurement days in April to be representative for the winter fluxes and
calculate the annual CO; budget based on this assumption then the minerogenous part would
change to a CO, source and the ombrogenous become an even stronger CO, source. For the
intensive study site it would mean an annual CO; source of about 740 g CO, m>.
Measurements by the closed chamber technique are often used for CO, flux estimations, not
only on the microform scale but also on ecosystem and regional scales. Our study shows that
it is not only important to calculate the area covered by the different microform types but also
to consider the differences in CO, fluxes within a microform type. At our investigation site,
the differences in GAI were especially important, which possibly could be obtained by remote
sensing techniques. Including high-resolution spatial vegetation information could also
improve the agreement between CO, fluxes measured by different techniques in the same
ecosystem but on different scales, as for example the closed chamber technique and the eddy

covariance approach.
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3.6 Summary and conclusions

As a contribution to the still rather sparse data on atmospheric CO, fluxes from boreal
peatlands in Russia, this paper presents data on the net ecosystem exchange of CO, and
respiration which were recorded using the closed chamber method at a boreal peatland
ecosystem in the Komi Republic, Russia. This study stands out also due to the long
measurement period over the complete growing season and high temporal frequency of
measurements. We studied the influence of different environmental factors on the CO, fluxes
at microform scale. This kind of study is strongly underrepresented for peatlands in Russia.
Water table depth and the GAI were found to have strong influence on CO; fluxes. The
differences in these two environmental factors caused differences in CO, fluxes not only
between different microforms but also within microform types. In Ust-Pojeg peatland, strong
differences in CO, fluxes within one microform type could be observed; Carex lawns with
low maximum GAI were CO, sources over the investigation period but Carex lawns with
high maximum GAI values were CO; sinks. Although the minerogenous and ombrogenous
parts of the Ust-Pojeg peatland are located close to each other, the difference in CO; fluxes

was strong; the minerogenous part was a CO; sink and the ombrogenous part a CO, source.
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3.8 Appendix: Model parameters, coefficients of determination, root mean square error

Table 1: NEE model (egs. 1 and 2) parameter values and their standard errors in parentheses,
coefficients of determination (R*> and R?,j), root mean square error (RMSE) and
number of measurements (N) for all plots and different modelling periods: SP-spring,
ES-early summer, SU-summer, AU-autumn. Due to later start of the measurements at
plots 16, 17 and 18 the fluxes were modelled over the complete investigation period
(IP). ETI or GAI indicates if equation 1 (GAI) or equation 2 (ETI) was used for
modelling.

Table 2: Respiration model (egs. 3, 4 and 5) parameter values and their standard errors in
parentheses, coefficients of determination (R* and R?,j), root mean square error
(RMSE) and number of measurements (N) for all plots. ETI or GAI indicates if
equation 4 (GAI) or equation 5 (ETI) was used for modelling, no indication if equation
3 was used. The values for equation 3 are shown to illustrate the improvement of the
modelling performance by incorporation of GAI and ETI into the modelling equations.

Table 3: GPP model (eqs. 6 and 7) parameter values and their standard errors in parentheses,
coefficients of determination (R* and R?,4j), root mean square error (RMSE) and
number of measurements (N) for all plots. ETI or GAI indicates if equation 6 (GAI) or
equation 7 (ETI) was used for modelling.
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Tab. Al

Nf[cl)i;)_ nlfIL(ger Mggreigilng 1(?/;11/ . ki P P2 R Riy  RMSE N
type

P ETI ('01.'59) é?:g) g% (g:gg) 084 082 74 32

1 ES  ETI ('3.'94) (3(7)(9):3) (171'?2) (g:(lé) 086 084 268 20

SU  GAI (‘3 '76) (19333.69) (fg:g) (gzgg) 074 072 629 65

- AU  GAI '(12?7")‘ 522:% (37%4) (8133) 082 081 207 68

P ETI ('17_ '75) (18451. 6(; (1596(; (g: (1);) 083 081 199 32

) ES  GAI '(19%? éfgé) (gg:g) (gzgg) 0.54 046 867 21

SU  GAI élsf (1728?'15) (;‘sz‘) (3183) 077 076 705 62

AU GAI ‘(12.66'; (‘2‘2:2) (131.82) (g:(l)g) 088 087 152 52

SP GAI ('122"96) é;‘g:g) (233) (09'()12) 060 055 355 28

) ES  GAI ('12;41) (1564978.17) (1(5)51;:(1)) (328‘7‘) 032 024 1318 29

SU  ETI (‘ﬁ'g) éﬁ:g) (ggjg) (gzgg) 057 054 1227 48

o AU  GAI {;;f) ég‘l‘;) (?‘3‘:2) (g:é;‘) 086 084 303 25

SP GAI (1595 (gié) g;:g) (8:83) 068 065 302 34

3 ES  GAI ('1105.'67) (1523133'.30) é;g) (8:82) 055 047 603 21

SU  GAI '(26%‘)‘ (%2;) (gié) (gzgg) 058 056 960 63

AU  GAI '(297'; (15137.'58) é%f; (g:(l)}) 088 088 255 68

SP GAI _(fé; (}gg:g) (ig:g) (g:ég) 070 067 288 34

5 ES  GAI ‘(g’g ég?% (;;g) (3:8; 071 065 786 20

SU  GAI '(2793")) ézg:g) (1503?'32) (g:gg) 045 041 1173 53

o AU ETI (‘24"12) (}ggzi) (;i:% (gzgg) 044 041 893 64

P GAI (?585 (gg% (41%?) (8:(1)% 081 080 389 35

) ES  GAI ‘(16_9(')()’ (;gf) (2461:3) (8j8§) 078 074 663 20

SU  GAI '(26.93? (gi:g) (14111.46) (g:gz) 067 065 1023 48

AU ETI é%‘)‘ (}2%) (g;é) (8:82) 046 043 1002 65

CcL 7 SP GAI (3929§ (ggi:g) éi% (8:82) 063 061 976 24

ES  GAI ('jif) (;‘gig) (3;:‘3‘) (8183) 0.64 058 1342 22

SU  GAI (‘5'563"77) (%gé) (17141.'1% (3:8; 043 040 2070 53
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AU ETI (‘13.'12) (12522) (;g:;) (0%14) 070 066 641 30

P ETI ('Z '13) (17621.'34) 5.8 (3.0) (8: (1)3) 092 091 135 31

8 ES  ETI (‘15"32) égéig) (g :2) (09'()15) 083 080 517 22

SU  ETI ('g_'g) (18742,41) é(l):g) (8j8?) 081 080 746 59

AU  ETI (_3.54) (1437‘25) (264 '67) (g: (1)3) 093 093 298 68

18 P ETI (‘3 '81) (‘2‘(1);;) (fgé) (09‘012) 063 062 8.5 137

P ETI (‘3"40) (15175. '99) (155 92) (318?) 082 080 254 33

. ES  ETI (‘3"81) (}8(6):2) ézé) (8133) 079 075 371 22

SU  GAI (8:2) (186()3"79) 6.4 (6.0) (g:(l)g) 084 083 428 6l

AU  GAI ('3 '13) (i;?é) (‘1%2) (g:gg) 063 061 331 66

MHO SP ETI (‘gf) (18?'58) (155 '84) (8133) 0.84 083 230 34
y ES  ETI {3"71) (}ggj‘) éé;) (8133) 083 080 326 22

SU  GAI ((')"15'2) (16565.69) 5.7 (6.0) (g:(lé) 089 088 325 60

AU GAI ('ﬁ '12) (}gf:g) 5;:8) (g:gj) 075 074 265 67

16 P GAI (‘3 '66) (16791.:57) (155. '96) (gzgf) 080 079 325 135

P GAI (1367; (17(266) (i?ig) (g:(l);) 080 078 209 30

9 ES  GAI _(11,75 é%:g) ég:% (318491) 084 081 560 22

SU  ETI ('16_'11) (}g%‘) (21:(5)) (3:8% 077 075 975 57

AU ETI ('3 '60) (Z?Z) (15%60) (g:(l)g) 091 091 213 60

MH SP GAI _(11‘.‘5'()) (1679%5(; (15%51) (8:(1)3) 093 093 152 35
N ES  GAI (f,j;(;) (i(l)gé) (é?:‘s‘) 36918) 060 053 728 21

SU  GAI '(11_63? éf‘;:g) (14079'35) (gzgg) 058 055 1440 57

AU ETI (-(:;'..81) (1630%4) (277_'42) (g: ég) 088 088 329 63
17 P GAI (1228()) é; 3:3) (? é:% (09612) 049 048 1174 132

ML P ETI (‘& '97) (igé) (267.'52) (8133) 095 094 172 35
| ES  GAI (139% 523;) (172':55) (g: (1);1) 091 089 533 22

SU  GAI '(11_79")) (16651"2(; (i;g) (g: (l)é) 088 088 656 60

AU  GAI {123 '87) (‘2‘8‘7‘:;) (385 '89) (gzgg) 091 091 263 66

13 P ETI (_5,248) (1628955) (129'79) (gzgg) 095 094 65 30

ES  GAI '(12(_)4; (}2421:421) (} é:z) (00.615) 085 083 389 22
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-15.3 182.8 344 0.09
SU GAI @0 (98.9) (194)  (0.02) 0.84 0.84 71.6 58
-6.4 500.8 33.1 0.08
AU ETI (1.9) (291.3) (119)  (0.02) 0.92 0.91 31.2 39
-17.0 86.5 40.0 0.1
SP GAI (2.4) (40.5) (9.6) (0.01) 0.92 0.91 22.3 35
-11.9 249.2 36.9 0.07
s ES GAI (2.4) (208.3) 404)  (0.04) 0.89 0.87 52.7 22
-12.9 353.9 70.5 0.07
SU GAI (4.5) (359.0) (39.9)  (0.02) 0.59 0.57 1233 58
-13.3 94.2 19.0 0.13
AU GAI (2.6) 77.7) (5.3) (0.03) 0.85 0.84 19.7 53
Tab. A2
Micro-
Plot ETI/ ) .
form number GAI pi P2 R R?4i RMSE N
type
. ETI 3.3(0.8) 0.06 (0.01) 0.55 0.55 22.0 135
OHO 18.9 (5.9) 0.05 (0.01) 0.27 0.27 26.9 135
4 GAI 11.9 (3.1) 0.08 (0.01) 0.76 0.76 20.9 133
10.5(3.2) 0.09 (0.01) 0.67 0.67 24.3 133
5 GAI 38.7 (13.1) 0.07 (0.01) 0.58 0.57 60.7 106
OH 33.2(11.8) 0.07 (0.02) 0.54 0.54 63.4 106
3 GAI 21.9 (6.0) 0.08 (0.01) 0.68 0.67 31.1 138
16.3 (4.9) 0.08 (0.01) 0.63 0.62 334 138
s GAI 34.0 (8.1) 0.06 (0.01) 0.68 0.67 44.0 137
OL 30.3 (8.4) 0.07 (0.01) 0.58 0.57 50.3 137
6 GAI 49.1 (10.8) 0.05 (0.01) 0.72 0.72 47.6 130
37.6 (9.8) 0.07 (0.01) 0.61 0.61 56.2 130
. GAI 443 (11.9) 0.06 (0.01) 0.69 0.68 59.9 107
45.5 (15.5) 0.07 (0.02) 0.51 0.50 75.1 107
CL e ETI 4.0 (0.9) 0.08 (0.01) 0.70 0.70 34.2 135
23.3 (4.8) 0.08 (0.01) 0.75 0.74 314 135
13 GAI 20.2 (3.3) 0.06 (0.02) 0.86 0.86 24.5 110
26.9 (5.8) 0.08 (0.01) 0.76 0.76 32.6 110
10 ETI 6.2 (1.0) 0.02 (0.01) 0.48 0.48 18.9 137
30.8 (7.1) 0.02 (0.01) 0.1 0.1 24.9 137
MHO ” ETI 4.8 (0.8) 0.03 (0.01) 0.43 0.42 15.9 138
25.6(5.2) 0.03 (0.01) 0.18 0.17 19.0 138
16 ETI 4.2 (0.7) 0.04 (0.01) 0.51 0.50 16.0 110
31.3(6.2) 0.03 (0.01) 0.25 0.24 19.7 110
9 GAI 26.8 (4.9) 0.06 (0.01) 0.84 0.84 33.1 134
24.3 (7.5) 0.08 (0.01) 0.61 0.60 52.1 134
MH = GAI 28.6 (5.3) 0.05 (0.01) 0.79 0.79 41.9 138
34.0 (8.9) 0.07 (0.01) 0.62 0.62 56.9 138
17 GAI 28.5 (4.4) 0.04 (0.01) 0.86 0.85 29.0 104
37.4 (9.0) 0.07 (0.01) 0.66 0.66 442 104
ML 11 GAI 22.6 (3.0) 0.04 (0.01) 0.82 0.82 18.9 138
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27.7(5.2) 0.06 (0.01) 0.60 0.60 27.7 138
| GAI 19.6 (5.6)  0.05(0.01) 0.66 0.66 32.9 113
> 23.5(10.0)  0.06 (0.02) 0.33 0.33 64.5 113
s GAI 26.5(5.1) 0.04 (0.01) 0.77 0.77 38.5 136
32.3(9.2) 0.07 (0.01) 0.54 0.54 55.0 136
Tab. A3
Micro- Plot ETI/

1:(;22 number GAI Pi P2 R® R RMSE N
OHO 1 GAI -6.7(1.0)  167.6 (89.4) 0.76 0.76 46.3 112
4 ETI 2.9(0.5) 316.1(127.6)  0.76 0.75 44.6 117

OH 2 GAI -13.8(3.0) 2084 (160.0)  0.45 0.45 73.4 94
3 GAI 9.7(1.6) 181.5(112.1)  0.57 0.56 40.5 114
oL 5 GAI -14.0(3.1)  419.6 (243.4)  0.66 0.66 52.8 106
6 GAI -113(1.5)  110.7(82.7) 0.63 0.63 62.3 102

7 GAI -16.0 (3.0)  206.3(141.8)  0.65 0.65 81.4 86
CL 8 ETI 4409 379.6(179.5)  0.62 0.62 71.5 128
18 GAI 7.9(1.4) 1623(1143) 047 0.47 80.5 90
10 GAI -43(0.7)  122.8(86.0) 0.66 0.66 572 108
MHO 14 GAI 3.7(0.5)  155.3(77.3) 0.81 0.81 43.0 108
16 GAI -3.6(04)  135.9 (64.1) 0.78 0.78 36.0 99
9 GAI -11.6(1.8)  201.4(1052)  0.64 0.64 76.3 124
MH 12 GAI 9.5(1.1)  196.5(85.9) 0.80 0.79 612 117
17 GAI -5.6 (0.6) 53.5 (53.4) 0.66 0.66 69.1 87
11 GAI -13.0(1.4)  184.0(75.7) 0.82 0.81 81.0 122
ML 13 ETI -4.1(0.7)  335.7(167.8)  0.79 0.78 70.8 104
15 GAI 9.0(1.2)  216.9(99.9) 0.81 0.81 66.3 116
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4.1 Abstract

Net ecosystem CO, exchange (NEE) was measured using closed chamber and eddy
covariance (EC) techniques at a boreal peatland in Northwest Russia from April to November
2008. The in situ flux measurements on two different scales were compared, and the EC
measurements were used to evaluate the CO, flux estimates of the mechanistic ecosystem
model LPJ-GUESS. The peatland surface was composed of microforms which differed in
water table level and vegetation composition. The distribution of microforms varied spatially
within the peatland. Three different approaches were used to integrate the plot-scale chamber
measurements with the larger-scale EC measurements: 1. upscaling based on the average
microform distribution within the area of interest and the mean NEE flux for each microform
type, 2. upscaling based on areal weighting which accounts for the microform distribution in
the sector of the main wind direction and 3. upscaling based on footprint modelling which
estimates the varying contribution of different land cover classes in the source area of the 30-
minute EC CO, fluxes. Our results indicate a substantial discrepancy between the flux
estimated from EC data and estimates obtained by upscaling of chamber measurements

irrespective of the upscaling method. An intercomparison of the CO, fluxes measured by EC
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and modelled LPJ-GUESS fluxes showed a pronounced disagreement in budgets and in

seasonal cycles of measured and modelled CO; fluxes.

4.2 Introduction

In the last decade, the global carbon cycle received much attention as it was recognized that
the human perturbation to the carbon cycle is one of the main factors driving the climate
change over the last century [Intergovernmental Panel on Climate Change (IPCC) 2001,
2007]. The importance of terrestrial ecosystems in the global carbon cycle is underlined by
the fact that about one third of the atmospheric carbon dioxide (CO,) is exchanged annually
with the terrestrial biosphere [Ciais et al., 1997]. Many studies have been conducted to
quantify the exchange of CO, between the atmosphere and the biosphere and to analyse the
underlying processes [e.g. Alm et al., 1997; Valentini et al., 2000; Bubier et al., 2003; Dore et
al, 2003; Goulden et al., 2004; Coulter et al., 2006; Grant et al., 2009; Sierra et al., 2009;
Gilmanov et al., 2010]. The closed chamber method and the eddy covariance (EC) technique
are the two measurement techniques that are mainly used to determine the CO, fluxes. The
two techniques are used at different spatial and temporal scales. The chamber measurements
provide discontinuous data on the plot scale (102-10° m?) while, under ideal conditions, the
EC measurements provide continuous flux data on the ecosystem scale (10*-10° m?). The
comparability of the plot- and ecosystem-scale measurements of CO, flux has been mainly
tested on areas with homogenous surfaces, e.g. Dore et al. [2003] in forests, Kabwe et al.
[2005] on bare soils in a uranium mine. Some studies were conducted at more heterogeneous
sites with one dominant surface type, e.g. Griffis et al. [2000] at a subarctic fen which was
covered by Carex spp. hummocks up to 70 % or Heikkinen et al. [2002] at a patterned boreal
mire with a 60 %-predominance of wet flarks and Laine et al. [2006] at an oceanic mire with a
predominance of lawns. Comparisons at heterogeneous study sites are rare, e.g. Fox et al.
[2008] at a tundra site covered by six different mosaic elements which occupied relatively
even proportions. At the homogenous study sites and the subarctic fen studied by Griffis et al.
[2000], the CO; flux measured by EC and the estimates obtained by areally weighted chamber
measurements were within the maximum probable error of each methodological approach. On
the other hand, Heikkinen et al. [2002] and Fox et al. [2008] found a discrepancy between the
fluxes obtained by the two different approaches. It is thus not easy to upscale chamber or
downscale eddy covariance measurements [Forbrich et al., 2010] - the chamber method does

not capture the full temporal variability and the EC technique can capture the small-scale
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spatial variability of the carbon fluxes only if the detailed information on the distribution of
microforms or leaf area index (LAI) is available.

Simultaneously to the in situ CO, flux measurements, models of terrestrial biogeochemistry
and biogeography have been developed and were used to evaluate potential effects of
changing atmospheric CO, concentrations and climate on the global carbon cycle and to
predict the future vegetation distribution. Recent developments on this subject are the fully
integrated dynamic vegetation models [e.g. Cramer et al., 2001; Sitch et al., 2008]. LPJ-
GUESS [Smith et al., 2001] is a process-based model of vegetation dynamics and land-
atmosphere carbon and water exchanges. It incorporates the Lund-Potsdam-Jena Dynamic
Global Vegetation Model (LPJ-DGVM) [Sitch et al.,, 2003] and the General Ecosystem
Simulator (GUESS) [Smith et al., 2001] and is suitable for regional (10°-10° km?) to
continental (10°-10” km?) simulations on time scales from days to millennia. Sitch et al.
[2003] presented simulations on vegetation patterns and seasonal cycles of net ecosystem CO,
exchange for ten plant functional types, of which eight were woody (two tropical, three
temperate and three boreal) and two herbaceous. The simulations were made over the
industrial period and agreed well with observations on vegetation structure and phenology and
local measurements using EC. Recently, the LPJ-DGVM was enhanced by introducing
processes which are necessary to simulate peatland vegetation and hydrology, and permafrost
dynamics [Wania et al. 2009a, 2009b, 2010].

The objective of this study is to (1.) investigate the comparability of in situ CO, flux
measurements conducted at different temporal and spatial scales by the chamber method and
the EC technique at a patterned boreal peatland and (2.) to evaluate the CO, flux estimates of
the LPJ-GUESS model using the flux data measured by EC technique.

4.3 Methods

4.3.1 Study site

The study site Ust-Pojeg is a boreal peatland located in east European Russia northwest of
Syktyvkar, the capital of the Komi Republic, at 61°56'N, 50°13'E. Peatland and the study
region were described intensively in Schneider et al. [2010], Gazovi¢ et al. [2010] and
Virtanen et al. [2010].

Within the peatland, we defined an area of interest, which is a circular area with a diameter of

600 m with a meteorological station and an eddy covariance tower placed in the centre. Our
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intensive study site consists of a Sphagnum angustifolium pine bog in its northern part and a
Sphagnum jensenii fen in its southern part. The ombrogenous bog part and the minerogenous
fen part of the measurement site are composed of a mosaic of different microforms defined by
their position within the microrelief. Hummocks which represent the driest conditions are
elevated above the surrounding area and are covered by Andromeda polifolia, Chamaedaphne
calyculata, Betula nana and partly by Pinus sylvestris. The hollows represent the wettest
microforms and are occupied primarily by Scheuchzeria palustris and Carex limosa. The
vegetation of lawns consists of a mixture of species growing at hummocks and hollows,
respectively. The lawns are intermediate microforms with respect to water level. The

transition zone between the fen and the bog part is dominated by Carex rostrata lawns.

4.3.2 Experimental setup and flux calculations

Chamber measurements — plot scale

CO, exchange was measured four times per week from 23 April to 20 October 2008 applying
a closed chamber approach. To capture the variance of the CO, fluxes over the day, we
conducted a series of measurements once per week during the morning (5 am to 11 am local
time) and once per week during the evening (6 pm to 12 pm local time); two additional
measurement series per week were conducted around midday from 11 am to 4 pm. The total
number of measurements was 5517. A total of 18 measurement plots were established within
the intensive study site in different microform types: 2 replicates each in ombrogenous
hollows (OHO), lawns (OL) and hummocks (OH), and 3 replicates each in minerogenous
hollows (MHO), lawns (ML) and hummocks (MH), and Carex rostrata lawns (CL). The NEE
was measured using a transparent chamber (60 cm x 60 cm x 32 cm) made of polycarbonate
sheets with a thickness of 1.5 mm. The chamber was equipped with a fan, and the headspace
air temperature was controlled to within approximately £1 °C of the ambient temperature by
an automatic cooling system. A sensor of photosynthetically active radiation (SKP212, Skye
Instruments Ltd., UK) was installed inside the chamber. During the flux measurements, the
chamber was put on the preinstalled collars, which were equipped with a water-filled groove
around the top to avoid air exchange between the headspace and the ambient air. The CO,
concentrations were measured using a CO,/H,0O infrared gas analyzer (LI-840, Licor, USA).
CO, readings were taken at 1 second intervals over 180 seconds. The data was recorded using
a data logger (CR850, Campbell Scientific, USA). The CO, flux was calculated from the

change in CO; concentration in the chamber headspace over time by fitting an exponential
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model and determining the rate of the initial concentration change at the start of the closure
period. More detailed information about the fitting method can be found in Kutzbach et al.
[2007]. If the curvature of the nonlinear curves was not explainable by the theoretical model
presented in Kutzbach et al. [2007], a linear function was fitted to the data, the slope of which

was used for the flux calculation.

Eddy covariance flux measurements — ecosystem scale

The fluctuations of wind speed components were measured from April until December 2008
using a three-dimensional sonic anemometer (Solent R3, Gill Instruments Ltd., UK) installed
3 m above the ground level. From the sample intake 15 cm below the anemometer, a vacuum
pump drew the sample air through a CO,/H,0O infrared gas analyser (LI-7000, LI-COR Inc.,
USA). All analogue signals were digitized at 20 Hz and stored on a PC running EcoFlux
software (InsituFlux, AB, Sweden). The analyzer and the PC were housed in temperature
regulated boxes (InsituFlux, AB, Sweden).

Raw data of the eddy covariance flux measurements were processed and turbulent fluxes
calculated over 30 min intervals using the EdiRe software (R. Clement, University of
Edinburgh, UK). Two coordinate rotations were applied to the wind components so that the
mean transverse and the mean vertical wind components were reduced to zero. The time lag
between wind and gas concentrations measurements was determined and removed. Flux
losses due to the limited frequency response of the eddy covariance system were corrected in
the flux calculation process. The fluxes were corrected for the frequency attenuation due to
tube attenuation, sensor path separation and spectral response of the instruments [Moore,
1986; Moncrieff et al., 1997]. Webb correction adapted for closed-path eddy covariance
systems was applied [Ibrom et al., 2007]. Integral turbulence characteristics (ITC) were
calculated and data were screened accordingly. Data were removed if the deviation of the
measured ITC parameter from the modelled ITC parameter was greater than 30 %.
Stationarity characteristics were calculated and used to discard the data obtained during non-
stationary conditions [Foken and Wichura, 1996]. In total, the filtering methods removed 40
% of CO, data, and 8013 half-hour CO, flux values remained for further analysis. The data
post-processing procedures are presented in more detail in Sachs et al. [2008] and Gazovi¢ et

al. [2010].
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Ancillary measurements

Additional instruments installed near the eddy tower include sensors for air temperature and
relative humidity (CS215, Campbell Scientific Ltd., UK), wind speed (M15103, R.M. Young,
MI, USA), and photosynthetically active radiation (QS2 Delta-T Devices Ltd., UK). All
signals from the ancillary sensors were automatically logged (CR-1000, Campbell Scientific
Ltd., UK). At each measurement plot, soil temperature was measured at depths of 5 cm, 10
cm, 20 cm and 40 cm with a sampling frequency of 30 minutes (HOBO U12, HOBO, USA).
The depth of ground water near the collars was measured manually each sampling date.

The green leaf area index (GAI) was determined to describe the vegetation development over
the growing season and calculated as a sum of the green leaf area of vascular plants and of the
green leaf area of mosses. The method was described thoroughly by Wilson et al. [2007]. The
green leaf area index of vascular plants was calculated as a product of the leaf size and
number of green leaves in 2-week intervals. The green leaf area of mosses was estimated as
the projection coverage of living moss capitula. More detailed description on the green leaf
area index determination can be found in Schneider et al. [2010]. The effective temperature
sum index (ETI) was used to describe the thermal characteristics of the investigated area over
the measurement period. ETI was calculated by dividing the effective air temperature sum by

day number, starting from 1% of April=day 1 [Alm et al., 1997; 1999].

4.3.3 Empirical time series modelling

Chamber measurements — plot scale

As the chamber measurements are discontinuous, we modelled the time series of net
ecosystem CO, exchange fluxes (NEE, in pg CO, m™s") over the investigation period.
Models based on photosynthetically active radiation (PAR, in pmol m™s™), air temperature
(Tair, in °C), and GAI (in m*> m™) or ETI were used. Each measurement plot was modelled
separately using the following nonlinear functions:

a, xT, xGAIxPAR

NEE = +p, xex xT. 1
PAR-‘rkI pl p(pZ alr) ( )
or
T. xETIx PAR
NEE = 175 X2 X0, xexp(p, X T,) )

PAR +k,
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where a;, k;, p; and p, are fitting parameters. The first part of the equation including the
parameters a;, k; represents the control of the microform photosynthesis, the second part with
the parameters p; and p, represents the control of the microform respiration.

In this study, NEE is defined positive when carbon dioxide is released to the atmosphere and
negative when it is taken up from the atmosphere.

Chamber walls reduce the radiation inside the chamber and result in lower photosynthetic
rates inside the chamber as compared to outside. Thus, for the seasonal modelling of NEE not
disturbed by a chamber, the NEE flux model derived from chamber PAR measurements was
driven using the half-hourly mean PAR value measured at the weather station Schneider et al.
[2010].

Empirical modelling was conducted by nonlinear least-squares fitting using the function

nlinfit of the MATLAB® software package (version 7.1, The MathWorks Inc., Natick, USA).

Eddy covariance flux measurements — ecosystem scale

The NEE time series obtained by the EC approach was modelled in two periods: 4 May to 3
August using equation (3) and 4 August to 4 November using equation (4). Models were
based on photosynthetically active radiation (PAR, in pmol m?s™), air temperature (T, in
°C), and soil temperature in 10 cm and 20 cm depth (T and Ty, respectively, in °C). The
modelled data was used for gapfilling.

a, xT, xPAR
NEE == o TP xexp(p, xTy;) 3)
1
a, xT,, x PAR
NEE = 1PA§+k +p, xexp(p, x T) (4)
1

4.3.4 Determination of the microform coverage and remote sensing

The relative coverage of the different microform types was determined at the beginning of
August 2008 along eight 300 m long transects at the intensive study site. The transects started
at the eddy covariance tower and headed towards the cardinal and intercardinal directions.
The distribution of the microform types along transects were recorded, and the percentage
contribution was assumed to be representative for the spatial coverage of the microform types
in the 45° sectors around the transects (Fig. 1).
The main wind direction was SSE (Fig. 2), as there were no direct measurements along the
SSE transect, we decided to use the microform distribution of the S transect for upscaling
(Fig. 1).
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Fig. 2: Frequency distribution of wind directions measured at the eddy covariance tower.
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For land cover classification, a QuickBird satellite image acquired on 8 July 2008 and
covering 70 km? was used in this study (QuickBird © 2007, DigitalGlobe; distributed by
Eurimage/Poyry). QuickBird image has five channels; four of them are multichromatic
channels, with 2.4 m x 2.4 m pixel resolution, and one is a panchromatic channel with a 0.6 m
x 0.6 m resolution. The four multichromatic channels were resampled to resolution of 0.6 m x
0.6 m pixel size using the panchromatic channel. The resampling was done using Erdas
Imagine 8.6 software (Leica Geosystems, Germany) and a cubic convolution method. It was
orthorectified and mapped to a cartographic projection, and radiometric, sensor and geometric
corrections were applied. Image was georeferenced using field measured GPS points. The
accuracy assessment was based on 79 points randomly defined along transects (see above).
Definiens Professional 5.0 program (Definiens AG, Germany) was applied for the land cover
classification using the multiresolution segmentation method. The Kappa coefficient, which is
a statistical measure of agreement — where a value of 1 means perfect agreement, was 0.94 for
the classification in this study. The aim of the land cover classification by using the very high
spatial resolution of the QuickBird image was to recognize the different microform types of
the peatland. Regardless of this high spatial resolution, the size of some microforms e.g.
minerogenous hollows was often smaller (0.25-0.5 m?) than the spatial resolution of the
image. Technically pixel area of classified QuickBird image was 0.36 m?, but as it was based
on resampling technique described above, real precision for object separation was to some
extent lower. Thus, we decided to group the microforms to classes based on the vegetation
and water table depth characteristics. The following classes were therefore used for the
footprint analysis: ombrogenous part (OC), minerogenous part (MC) and transition zone (TC)
(Fig. 3). For the use of the land cover classification in the footprint modelling, we created one
image for each class covering the area of interest. These images were resampled to 1 m pixel
resolution by nearest neighbourhood method. The pixels incorporated the information about
the presence of the respective land cover class (value 1 = land cover class present, value 0 =

land cover class not present).
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Fig. 3: Land cover classification of the intensive study site. The lines indicate the transects.

4.3.5 Footprint modelling

Footprint modelling was conducted to analyse how the source areas of the observed EC fluxes
were characterised with respect to the coverage of land cover classes. The footprint model
used in this study was the analytical model according to Kormann and Meixner [2001] which
was developed for boundary layer conditions with non-neutral stratification. The two-
dimensional footprint density function was determined based on the micrometeorological data
from the EC measurements. To calculate the weighted fraction of each land cover class within
each 30 min source area, the output of the footprint model was combined with the images of
the land cover distribution. Therefore, a coordinate system with the tower in the origin was
constructed, and the images were rotated into the main wind direction. Finally, the footprint
density function was summed up for all pixels representing one land cover class. The
contribution of each land cover class (j) is given as a weighted fraction (£2;) of the total source
area of the 30 min EC flux.

As the footprint extension commonly exceeded the bounds of the area of interest, the sum of
the source fractions of all land cover classes was usually less than 100 %. We assumed that
the distribution of the land cover classes in the footprint area which lay outside of the area of

interest was similar to the land cover class distribution in the footprint area which lay inside
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the area of interest. Thus, we scaled the source fraction of each land cover class so that the
sum of them was 100 %. A check of the input parameters was then conducted and data
characterised by low turbulence (friction velocity u*< 0.1), high crosswind fluctuations
(standard deviation of the lateral wind c,> 1), and zero sensible heat flux were excluded from
further calculations. The missing values were replaced by means of source area fractions
calculated for one degree intervals of wind direction for both stable and unstable atmospheric
conditions.

Fox et al. [2008] described a critical assumption for using this source area function modelling
over a nonuniform surface: the CO, fluxes are influenced by spatial variation of the surface
properties whereas the influence on the momentum flux is insignificant, and the mechanical
setting of the exchange processes is thus approximately uniform throughout the entire
potential source area for the instrument. For our study, this assumption seems to be
reasonable, given that the vegetation of each land cover class was uniformly relative short and

the topography of the site was relatively flat.

4.3.6 Upscaling of CO; fluxes from plot scale to ecosystem scale

Three different approaches were used to integrate the plot-scale chamber measurements of
NEE with the larger-scale EC measurements of NEE: 1. upscaling based on the average
microform distribution in the area of interest and the mean NEE flux for each microform type,
2. upscaling based on areal weighting which accounts for main wind direction and the mean
NEE flux for each microform type, and 3. upscaling based on the weighted fractions of the
land cover classes within the source area of the 30 min EC source areas estimated by footprint
modelling and the mean NEE flux for each microform type. To estimate the contributions of
the different microforms to the EC source areas, the weighed fractions of land cover classes
within the EC source areas were multiplied by the average relative microform coverage of the
microforms within the respective land cover classes (Fig. 4). The following equations were

used for different upscaling methods:

N
F,, = Z A,,, x F,, for the upscaling method 1 Q)
i=1
N
E,, = z Ay, < F,, for the upscaling method 2 (6)
i=1
N N
Fo.,= ZQJ. A, x F, , for the upscaling method 3, (7
=1

i

~
Il
—_
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where F; is the mean NEE flux of the different microform types which was calculated as the
mean of the replicates for each half-hour. A; is the mean relative coverage of the different
microform types within the area of interest, which is different depending on the upscaling

method and Q; the source area fraction for the different land cover classes.
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Fig. 4: Percentage cover of microforms for the different land cover classes. The microforms
are ombrogenous hollows (OHO), lawns (OL) and hummocks (OH), and minerogenous
hollows (MHO), lawns (ML) and hummocks (MH), and Carex rostrata lawns (CL).

4.3.7 LPJ-GUESS model

LPJ-GUESS model and changes made to the model for this study

LPJ-GUESS [Smith et al., 2001] is an ecosystem model that simulates the dynamics of plant
populations in the manner of a forest gap model [e.g. Bugmann, 2001]. Biophysical and
physiological processes are represented mechanistically, based on the same formulations as
the Lund-Potsdam-Jena dynamic global vegetation model (LPJ-DGVM) [Sitch et al., 2003;
Gerten et al., 2004]. Model output relevant to this study includes plant biomass and
composition, as well as ecosystem carbon exchange (including net and gross primary
production and both autotrophic and heterotrophic respiration). LPJ-GUESS has been
evaluated in numerous studies — see Smith et al. [2008] and references therein.

In order to apply the model to peatland ecosystems at high latitudes, we have incorporated the

recent developments to LPJ-DGVM by Wania et al. [2009a, 2009b, 2010] into LPJ-GUESS.
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A brief overview of the developments relevant to peatland ecosystems is given here, but a
more comprehensive description is given by Miller et al. [2010] (this issue), and in the papers

by Wania et al.

Hydrology and Soil Temperature

Previously, LPJ-GUESS calculated soil temperature at 25 cm depth using an analytic solution
to the heat diffusion equation, and neither the insulating effects of snow nor phase changes in
the soil water were considered. Following the approach of Wania et al. [2009a, 2009b], we
have therefore introduced a numerical solution of the heat diffusion equation to LPJ-GUESS.
A major departure from the work of Wania et al., though, is the fact that LPJ-GUESS
calculates the soil temperature in each of the replicate patches that together comprise the
model’s grid cells [Smith et al., 2001].

The model’s soil column consists of four compartments: a snow layer of variable thickness, a
litter layer of fixed thickness, a soil column of depth 2 m (with sublayers of thickness 0.1 m),
and a final, “padding” column of depth 48 m (with thicker sublayers) which is present to aid
in the accurate simulation of temperatures in the overlying compartments. Soil temperatures
in each sublayer are updated daily, in response to changing surface air temperature forcing
and precipitation input.

The peatland hydrology scheme of Wania et al. [2009a] and Granberg et al. [1999] is used to
update the water table depth in response to daily precipitation, snowmelt, evapotranspiration
and surface runoff. The 2 m soil column is subdivided into an upper 0.3 m-thick acrotelm
within which the water table is allowed to fluctuate, and a lower, 1.7 m-deep, permanently
saturated catotelm layer. The water table is also allowed to extend above the soil surface to a
maximum depth of 0.1 m. Hence, the water table position in this version of the model can

fluctuate between +0.1 m and —0.3 m.

Peatland Vegetation

In this study, the model allows the establishment of four plant functional types (PFT) on
peatlands. Flood-tolerant graminoids (such as Carex spp.) and Sphagnum types follow the
treatment of Wania et al. [2009b] and Yurova et al. [2007] with minor modifications [Miller
et al., 2010]. We also include two shrub PFTs from the work of Wolf et al. [2008],
specifically short (<0.5 m), evergreen and summergreen shrubs (e.g. Andromeda polifolia,
Chamaedaphne calyculata). These PFTs differ in their tolerance of inundation, such that, for
example, graminoids dominate at high water table levels, and shrubs only survive when the

water table is low [Miller et al., 2010].
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Carbon Exchange and Pools

Modelled net ecosystem exchange (NEE) used in the model-data comparisons is the
difference between net carbon dioxide taken up by the four peatland PFTs (i.e. net primary
production) and the CO, release due to soil carbon decomposition. Peatland fires are not
treated in this version of LPJ-GUESS. The treatment of methane emission from peatlands
follows Wania et al. [2010]. Mechanistic, process-based descriptions of methane production,
transport and oxidation are used to model daily methane emissions for the study site [Miller et
al., 2010]. This is important since soil carbon emitted as methane does not contribute to NEE.

Two representations of soil carbon decomposition in peatlands are used. The decomposition 1
scenario follows Wania et al. [2009b], where decomposition rates for all modelled carbon
pools increase exponentially with soil temperature at 25 cm depth and are then reduced
uniformly by 65 % to account for reduced decomposition rates under inundated conditions.
The decomposition 2 scenario used in this study is described by Miller et al. [2010] and takes
into account the influence of the soil temperature and water content of each 10 cm layer in the

model’s soil column on the carbon decomposition rate.

Modelling protocol

Forcing and spin-up

To compare modelled NEE with observed carbon exchange, the model was run from 1901 to
2100 using monthly temperature and precipitation anomalies from Kuhry et al. [2010] applied
to 1980-99 climatologies of these variables from HIRHAM-LSM [Matthes et al., 2010; Rinke
et al., 2010]. Shortwave radiation forcing is used directly from HIRHAM-LSM. Yearly values
of CO, concentration are taken from Matthes et al. [2010] and Rinke et al. [2010] and follow
the A1B SRES scenario between 2001 and 2100.

To build up the modelled carbon pools, the model is spun up for 6,500 years using repeated
1901-1930 forcing prior to the transient 1901-2100 simulation. A period of 6,500 years was
chosen since it is a typical basal peat age for the region (P. Kuhry, personal communication).
Both soil carbon decomposition schemes are used in separate simulations.

Treatment of microforms

To simulate the vegetation and carbon dynamics in wetter regions of the studied peatland site,
the water table position was artificially raised by imposing an additional water input of 2 mm
d'. This value was chosen after comparisons of modelled and observed water table positions
at the site. These simulations are denoted by “WET”. Similarly, drier areas were simulated

(“DRY” runs) by imposing an additional surface runoff of 5 mm d', a value chosen to
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decrease the water table position to the lowest possible value of —0.3 m after spring snow

melt.

4.3.8 Uncertainty analysis

The error of the area estimates for the different microforms cannot be considered as random
error. Thus, the error propagation routine for random errors is not suitable for the uncertainty
analysis of the upscaled CO; fluxes, and we used the method of maximum error estimation.

In order to estimate the uncertainty of the upscaled fluxes (Jr), we used the formula:

N
8p, =D A xOF, +|F,|x84,,,, for the upscaling method 1 (8)
i=1
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where F; is the mean NEE flux of the different microform types and JF; is the uncertainty of
the mean NEE flux. A; is the mean relative coverage of the different microform types within
the area of interest and 0A; is the uncertainty of the coverage estimation, both are different
depending on the upscaling method. Q; is the source area fraction for the different land cover
classes (j) and 6€); is the uncertainty of the source area fraction estimation.

For CO; estimates by EC technique, we calculated the random error from the difference
between the observed and modelled half-hourly fluxes following Aurela et al. [2002].
Systematic errors in EC measurements have their origin in the limited frequency response of
the EC system. An uncertainty of 30 % was assumed for the frequency and Webb correction

procedures itself [Aurela et al., 2002].

4.3.9 Evaluation of the model performance

To compare the results of modelled and upscaled chamber measurements to measurements
observed by the EC technique, the Willmott index of agreement, d [Willmott, 1982; Yurova et
al., 2007] was calculated using daily sums values. To evaluate the model performance of the
LPJ-GUESS model, the modelled NEE fluxes were compared to values observed by EC

technique on the basis of monthly sums.
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d =1{Z(Mf —Oi)2/2<|Mi'|+|0['|)2}, (11)

where M;' = M;-0, O;' = 0;-O, M — modelled values (modelled and upscaled chamber
measurements or results of LPJ-GUESSS model) and O — observed values (EC technique). O
1s the mean of observed values The Wilmott index varies between 0 and 1, with d = 1
indicating a perfect match.

We did not compare the modelled and upscaled chamber measurements to the results of the
LPJ-GUESS model as such a comparison of results of a deterministic model to those of a

mechanistic model has only a low informative value when the uncertainty analysis is missing.

4.4. Results

4.4.1 Variability of NEE fluxes at plot and ecosystem scales

The NEE fluxes measured by the closed chamber technique varied strongly on spatial and
temporal scales (Fig. 5). The main difference between the microforms regarding the seasonal
variations of the CO, fluxes was the date when the daily sum of NEE fluxes became negative
(CO; sink) in spring or again positive (CO, source) in autumn. The MHO sites, for example,
changed from being a daily CO, source to a daily CO, sink at the end of June while this
change from source to sink occurred at the ML sites about three weeks earlier. Also, the ML
sites became CO, sources in autumn about three weeks later than MHO sites, resulting in a
much longer net CO, uptake period. The OH sites were CO, sources over the complete
investigation period and OL as well as one of the CL sites became a CO, source already in
July after a very short period being CO, sink. The seasonal cycle of NEE at two of the MH
sites was exceptional. They were CO; sources in spring, during summer and in autumn and
changed in between to CO, sinks in early summer and in early autumn.

On the spatial scale, the NEE fluxes varied not only between the minerogenous and
ombrogenous parts of the peatland but also between different microforms and between
replicate plots of the same microform. The net CO; uptake as a result of photosynthesis and
respiration was usually higher in the minerogenous part of the peatland compared to
ombrogenous part. NEE fluxes ranged from strong CO; sinks (ML) to strong CO, sources
(OL, OH) over the investigated period. The biggest differences between the replicates of one

microform type were determined at ML, OL and CL sites. At Carex lawn sites, for example,
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one plot was a strong CO; source; one plot a weak CO, source and one plot a CO; sink over
the investigated period apparently related to their leaf area.

Daily NEE fluxes detected by EC showed a similar seasonal pattern as fluxes detected by
chamber measurements: NEE fluxes were highest during the summer and on a shorter time
scale similar day-to-day variability could be observed (Fig. 5). The daily net ecosystem
uptake varied from 0 to -12 ¢ CO, m™ d”' during the period from the end of May to the end of
September. During the other months, the CO, flux was characterised by a relatively steady
CO, loss of 0 to 2 g CO, m™ d”'. More detailed information on the results of the EC flux

measurements can be found in Gazovic et al. [2010].
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Fig. 5: Daily sums of NEE measured by chamber measurements and the eddy covariance
technique. The chamber measurements are grouped by microform type. The microforms
are ombrogenous hollows (OHO), lawns (OL) and hummocks (OH), and minerogenous
hollows (MHO), lawns (ML) and hummocks (MH), and Carex rostrata lawns (CL).

The empirical regression models of microform NEE which were used to integrate the chamber
fluxes over the investigated period explained 24-94 % of the variation in NEE. 70 % of the
regression models had an R2adj (coefficient of determination adjusted for the number of
independent variables and the number of measurements) between 0.64 and 0.94. There were

differences in model performance between different seasons. A general trend could not be
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observed, but the trends within the microform type were consistent; for example at
minerogenous hollows, the model performance during the summer was weakest. We found
contrary results for the minerogenous lawns; here the model performance was best in summer.
The empirical model output for the data measured by the EC system agreed reasonably well
with measured data (Rzadj of 0.88 and 0.92, for the 4 May to 3 August and 4 August to 4

November model periods, respectively).

4.4.2 Microform distribution at the intensive study site

The average microform distribution in the area of interest were estimated as 18.4 %, 11.8 %,
23.0 %, 10.1 %, 17.3 %, 10.5 % and 8.9 % for OHO, OH, OL, CL, MHO, MH and ML,
respectively (Fig. 1). OL was the most common and ML the least common of all microform
types. The microform distribution along the transects reflected the clear boundary between the
bog in the northern part and the fen in the southern part of the intensive study site. Along the
E, SE, SW and NW transects a dominance of one microform type could be observed. If we
consider the average microform distribution, no such dominance could be detected. The
transect of the main wind direction (S) was composed of the microform types ML (40.4 %),
MH (31.7 %), MHO (25%) and OHO (2.9 %) (Fig. 1). In the ombrogenous as well as in the
minerogenous parts of the peatland, a frequent change of microforms could be observed along
the transects. The extension of the microforms varied from 0.5 m to 30 m. The transitional
zone was characterised by CL and OL, which occurred in stripes of 50 m to 150 m. The
microform distribution varies strongly between the land cover classes (Fig. 4). The
ombrogenous class is characterised by OHO (48.4 %), OH (38.9 %) and OL (12.7 %), the
minerogenous class by OHO (2.3 %), MHO (40.5 %), MH (26.6 %), ML (24 %) and CL (6.5
%) and the transition class by OHO (20.3 %), OH (8.3 %), OL (52.6 %) and CL (18.3 %).

4.4.3 Footprint analysis

The footprint analysis indicated that for 3998 half-hour flux values 80 % of the EC flux
source area lay within 300 m of the measurement tower, and the most sensitive distance was
at 18 m. The relative frequency of the source area fraction for each of the land cover class is
illustrated in Fig. 6. The source area fractions of the minerogenous and the transition class
were very high, and they were sampled evenly, whereas the ombrogenous class never
exceeded 30 % of the source area and for much of the study period (60 %) was zero. The

footprint analysis showed that the ombrogenous class was under-sampled by the EC
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measurement set-up and the EC measurements were representative only for the minerogenous

and transition part of the investigated peatland.
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Fig. 6: Relative frequency of the weighed source area fractions for each land cover class
(ombrogenous (OC), minerogenous (MC) and transition (TC)) during the study period.
The contribution of each land cover class (j) is given as a weighted fraction (€;) of the
total source area of the 30 min EC flux. On the X-axis the class mean is shown.

4.4.4 Comparison of CO; fluxes observed from chamber and eddy covariance measurements

The chamber method and the eddy covariance technique were compared using three different
upscaling approaches (Fig. 7). Independently of the upscaling or measurement method, the
CO; fluxes showed similar seasonal trends - they were highest during the summer and lowest
during spring - but the date when the daily sum of NEE fluxes measured by the EC technique
became negative was earlier than for the upscaled fluxes and became again positive later in
autumn. In addition, shorter scale variations such as the first strong uptake peak in the middle
of June were also captured by both methods. However, the magnitude of the modelled fluxes
varied between the methods used.

The NEE estimates from chamber measurements upscaled based on the average microform
distribution in the area of interest (NEEy) were positive most time of the investigated period
and showed higher net CO, release then estimates by EC. The NEE estimates from chamber
measurements based on areal weighting which accounts for the microsite distribution in the

sector of the main wind direction (NEEwp) were lower than NEE,y estimates but still higher
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then EC estimates. Best agreement could be observed during some periods in summer. The
comparison of the NEE estimates from chamber measurements upscaled using the simulated
source area fraction (NEEpp) and the EC CO, flux estimates showed high discrepancies
between the two methods: the EC measurements showed a much higher uptake of the CO,
fluxes. The Willmott index for the comparison of modelled and upscaled chamber
measurements to measurements observed by EC technique is 0.59 (NEEsv to NEEg(), 0.85

(NEEWD to NEEEc) and 0.57 (NEEFP to NEEEc)
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Fig. 7: Daily sums of NEE calculated from eddy covariance measurements (NEEgc) and
upscaled chamber measurements based on average microform distribution (NEE,y), on
areal weighting which accounts for the main wind direction (NEEywp), and on simulated
source area fraction (NEEgp).

The results of continuous eddy covariance observations were also compared with modelling
results based on chamber measurements at different plots. The best agreement was observed
for plot number 13 which was a ML site and represented the intermediate minerogenous
lawns with respect to the water level and CO, fluxes. Even higher uptake of CO, was
observed at plot number 15 which was a ML site with higher water table level than plot
number 13. MH microsites (plot 9 and 12) showed the early change (around 21 May) of daily
NEE budget from source to sink of CO, in spring as it was measured by EC (Fig. 5). These

were the same microforms that showed CO, uptake in early autumn (September).
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The comparison of the half-hourly NEE fluxes measured by the EC method (NEEgc) and
NEEsp showed that the two methods agreed better during nighttime (PAR<10pmol m™ s™)
than during the daytime (PAR>10pumol m™ s™). The EC method showed much higher daytime
uptake of CO, than the upscaled chamber fluxes.

The cumulative sum of the CO, fluxes over the investigation period showed the differences in
CO, fluxes measured by the EC technique and upscaled using the chamber measurements
even more clearly (Fig. 8). The cumulative flux of -533 + 6 g CO, m~, 344 + 533 g CO, m™, -
68 + 591 g CO, m'z, and 367 + 593 g CO, m™ were estimated for the NEEgc, NEEAy, NEEwp
and NEEgp, respectively (Tab. 1). Although the error of the upscaling methods is high, the
estimates of the NEE by the EC method are not within the range of the uncertainty of the
NEEAsy and NEEpp fluxes. Interestingly, the CO, flux estimates based on the upscaling
method using the average microform distribution and CO; flux estimates using the simulated
source fraction do not differ by much. They show similar seasonal pattern and budgets over
the investigated period. The estimates based on the simulated source fraction are characterised
by higher uncertainty as this upscaling method included more calculation steps, all of which

contained errors.
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Fig. 8: Cumulative sum of the CO; fluxes over the investigation period measured by the EC
technique (NEEgc) and upscaled chamber measurements based on average microform
distribution (NEE,y), on areal weighting which accounts for the main wind direction
(NEEwp), and on the simulated source area fraction (NEEgp) and uncertainty estimates
(unc) for all methods.

91



Tab. 1: Cumulative NEE flux (in g CO, m™) for the investigation period May to October 2008
estimated from eddy covariance measurements (NEEgpc) and upscaled chamber
measurements based on average microform distribution (NEEsy), on areal weighting
which accounts for the main wind direction (NEEywp), and on simulated source area
fraction (NEEpp), and modelled by LPJ-GUESS, where D1 is the decomposition 1 and
D2 — decomposition 2 scenario.

NEEgc NEEy NEEwp NEEgp
-533+6gCO,m>  344+533gCO,m> -68+591gCO,m> 367 +593 gCO, m>

DI Standard Wet Dry
15gCO, m™ 370 g CO, m™ -125 g CO, m™
D2 Standard Wet Dry
=77 g CO, m™ -800 g CO, m™ -106 g CO, m™

4.4.5 Evaluation of LPJ-GUESS model output

This is a site level model-data comparison as the model was driven by site meteorology. High
discrepancies were observed between monthly NEE simulated by the model and observed
from the EC measurements (Fig. 9). The CO, fluxes modelled by the different decomposition
scenarios differed mainly in spring and autumn when the NEE fluxes modelled based on the
decomposition scenario 1 showed higher CO, release than based on the decomposition
scenario 2. When comparing the measured EC data to the output of the model, we have to
consider that the EC measurements are representative only for the minerogenous and
transition part of the investigated peatland. A general trend in agreement between the
simulated results and EC observations could not be observed. Compared to the EC
measurements, the seasonal dynamics were generally successfully reproduced by the standard
run of the model although the model estimated the onset of daily net CO, uptake to occur later
in spring and the onset of daily net CO; release to occur earlier in autumn (Fig. 9). The model
performance is summarized in Table 2. The wet and dry runs showed the maximum uptake in
summer about one month earlier than measured by EC method. The modelling results and EC
estimates differed not only in seasonal dynamics but also in the CO, budgets which were
calculated for the period from May to October 2008. All LPJ-GUESS models showed
negative budgets (CO, uptake) and one slightly positive budget (standard run, decomposition
1). The NEE flux modelled based on the decomposition 1 scenario was 15 g CO, m?, -370 g
CO, m? and -125 g CO, m™ for standard, wet and dry runs, respectively and -77 g CO, m™, -
800 g CO, m™ and -106 g CO, m™ for the decomposition scenario 2 (Tab. 1). The highest
CO, uptake was modelled by the wet runs of the LPJ-GUESS model. The growing season
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NEE measured by EC showed a much higher uptake of CO, than in the standard model run
and lower than in the wet model run; it was between the cumulative NEE values estimated by

the two wet runs of LPJ-GUESS.
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Fig. 9: Observed and simulated monthly NEE at Ust-Pojeg peatland. The abbreviation for
model runs mean STD - standard run, D1 — decomposition 1 and D2 — decomposition 2
scenario.

Tab. 2: Quantitative measure of model performance based on the Willmott index of
agreement (d=0, no agreement, d=1, perfect match) for different model runs and flux
estimations by eddy covariance measurements (NEEgc).

decomposition 1 decomposition 2
Standard Wet Dry Standard Wet Dry
NEEgc 0.80 0.59 0.60 0.80 0.67 0.57

We tested if the vegetation phenology, water table level (WTL), soil temperature as well as
the CO, fluxes of the different model runs were representative for the fen or bog part of the
peatland or for specific microforms. In the real world, the vegetation composition of a bog or
a fen reflects the vegetation of the different microforms. In a model, different runs usually
represent different microforms, e.g. the vegetation composition of the standard run is
representative for the vegetation of hummocks, the wet run for the vegetation of hollows and

the dry run either for the vegetation of hummocks or lawns (Tab. 3). The WTL of the standard
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run is not in agreement to the mean WTL of all microforms but to the mean of MHO
microforms (Fig. 10). Also the WTL of the wet and dry runs differ strongly from the means of
the WTL of the fen and bog part and have highest agreement to the MHO and OH
microforms, respectively. The soil temperatures differed strongly between the measured and

the modelled data in May, June and July, the difference was up to 10 °C.

Tab. 3: The vegetation composition, water table level and CO; fluxes of different model runs
are representative for different microforms of the investigated peatland: ombrogenous
hollows (OHO), lawns (OL) and hummocks (OH), and minerogenous hollows (MHO),
lawns (ML) and hummocks (MH).

Model run CO; flux Vegetation composition Water table level
Standard OHO MH/OH MHO
Wet ML MHO/OHO MHO
Dry OHO MH/OH or ML/OL OH
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Fig. 10: Observed and simulated mean monthly water table level (WTL) at Ust-Pojeg
peatland. The observed WTL is for the microforms ombrogenous hollows (OHO), lawns
(OL) and hummocks (OH), and minerogenous hollows (MHO), lawns (ML) and
hummocks (MH), and Carex rostrata lawns (CL), ALL MF is the mean of all
microforms. The simulated WTL is for the wet, dry and standard (STD) runs of the
model. The WTL does not differ between the different decomposition scenarios.
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4.5 Discussion

4.5.1 Mismatch between NEE fluxes upscaled from chamber and observed from eddy
covariance measurements

The observed strong difference between the CO, budgets derived from the closed chamber
method and the eddy covariance approach calls for intensified search for biases in both
measurement approaches. Estimates based on chamber measurements are subject to
systematic and sampling errors. Many of the systematic errors are known and can be
prevented or corrected for, for example (1) the increase in temperature and humidity beneath
the chamber [Wagner and Reicosky, 1992; Welles et al., 2001], (2) length of the sampling
interval [Griffis et al., 2000], (3) inaccurate determination of chamber headspace volume
[Livingston and Hutchinson, 1995], (4) leakage at chamber components or via the underlying
soil pore space [Hutchinson and Livingston, 2001], (5) elimination of turbulence within the
chamber [Reicosky, 2003], (6) gradient problems — build-up or reduction of CO,
concentration within the chamber which alters the underlying concentration gradients and
results in modified CO, fluxes [Hutchinson et al., 2000; Livingston et al., 2006; Kutzbach et
al., 2007], (7) lack of temporal representation with limited number of sampling points during
early morning and late afternoon hours [Griffis et al., 2000]. In this study all of the errors
described above were considered and minimised by careful experiment planning, chamber
design and data analysis, as described in sections 2.2 and 2.3. But some errors, such as limited
area and measurement intervals, are inherent to the method and can not be prevented, only be
reduced by, for example, using bigger measurement plots (in this study 0.36 m?) and
increasing the number of measurements (in this study 5517).

A substantial error occurs if the sampling routine does not account for the spatial
heterogeneity in NEE fluxes [Janssens et al., 2001; Drewitt et al., 2002]. In a peatland
ecosystem, the pronounced heterogeneity can be caused by differences in vegetation type and
coverage, water table depth and nutrient supply. In this study the sampling design was
adjusted to the heterogeneity of the investigated site by increasing the number of
measurement plots. However, an increased number of replicates would have enhanced the
accuracy of the mean of the replicate measurements.

The choice of the modelling and reconstruction method influences the CO, flux estimates for
a peatland investigation site [Laine et al., 2009]. The models can be parameterized by
individual sample plots, plant communities or the entire investigation site. According to the
findings of Laine et al. [2009], the spatial variation is best captured by the plot method, and

the reliability of estimates is also improved. Fluxes were modelled on plot level in this study.
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The EC technique has well-known limitations, for example, stable atmospheric conditions
lead to a systematic underestimation of CO, fluxes if not properly accounted for [Goulden et
al., 1996]. Therefore, the obtained data was carefully checked and gap- filled. A prerequisite
is that the method should be applied over flat terrain. This is fulfilled at the Ust-Pojeg study
site.

Both closed chamber and eddy covariance methods were carried out simultaneously to allow
for comparison by empirical modelling of the flux time series and a footprint model to
integrate the point based chamber measurements with the larger scale eddy covariance
measurements.

Strikingly, the measurements by the EC approach showed much higher uptake of CO, during
the daytime compared to the upscaled chamber measurements, whereas during the nighttime
the difference in CO, flux estimates of the two approaches was minor. The photosynthetic
action spectrum of plants is not restricted to the wavelength of photosynthetically active
radiation (PAR). Leaves are also effective in ultraviolet (UV) absorption. Mantha et al. [2001]
described in their study that the photosynthetic rates at UV-A radiation were up to 10 %
higher than at PAR. For the construction of transparent chambers two materials are mainly
used: polycarbonate and polyacrylics (mainly Plexiglas®). Polycarbonate, which was also
used in this study, has very low or no UV-A-transmission whereas polyacrylics are usually
more transparent for these wavelengths. The low UV-A-transmission of the polycarbonate
chambers might suppress the photosynthetic activity of plants within the chamber and might
be a source of error (underestimation of CO, uptake during photosynthesis) in NEE chamber
measurements. As this potential error only influences the CO, uptake, there is a high potential
for a serious bias in the carbon balance which might explain some of the differences in our
(higher) NEE flux estimates by the EC approach compared to the upscaled fluxes based on the
polycarbonate chambers. Griffis et al. [2000] observed a difference in net photosynthesis
between measurements by a gradient technique and upscaled chamber measurements of about

21 %.

4.5.2 Biases in land cover classification and upscaling

The NEE measurements were conducted at different spatial scales. The environmental
variables which influence the CO, exchange, e.g. peat physical and chemical properties,
vegetation or water flow, showed also variability on the different spatial scales. The exchange

of CO, between the peatland and atmosphere is characterised by a nonlinear response to
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spatial variations in the driving variables [Baird et al., 2009]. The upscaling methods used in
this study do not account for this nonlinear response which might lead to the observed
discrepancies between the NEE fluxes upscaled chamber measurements and those measured
by eddy covariance measurements.

Due to the small size of some microforms, it was not possible to classify the land cover on the
microform level of detail even with our extreme high resolution QuickBird image (0.6 m pixel
in panchromatic channel, 2.4 m in multispectral channels). In autumn 2008, GeoEye-1 images
(0.41 m pixel in panchromatic channel, 1.65 m in multispectral channels) became available.
This increased resolution might already allow a detailed microform classification. An
alternative strategy still would be the use of aerial images. Due to failure in microform
classification, we used the microform distribution within the land cover class for upscaling.
We had to assume that the microforms were evenly distributed within the class. This
assumption might be an important source of error in upscaling of the CO, fluxes. Due to high
spatial heterogeneity of the vegetation and water table levels in a peatland and thus of the CO,
fluxes, the upscaling of the fluxes from plot to ecosystem level is characterised by higher
potential errors than upscaling at homogenous study sites as presented in studies by Dore et
al. [2003], Kabwe et al. [2005], Laine et al. [2006] and Yurova et al. [2007]. Fox et al. [2008]
described pronounced discrepancies in CO, flux estimates between the closed chamber and
EC approaches when used at heterogeneous tundra study sites.

Due to the similar mean microform distribution of the upscaling methods based on the
average microform distribution and based on footprint modelling, there was no significant
difference in seasonal trends and in budgets over the investigation period between NEE,v and
NEEgp. The explanation for the substantial difference in the results NEEsy and NEEgp
compared to NEEwp might be the large difference in the percentage cover of the different
microforms along the south transect compared to the mean percentage cover in the area of
interest.

The microform OL had the strongest control on the upscaled fluxes. This is due to their
relatively large surface coverage and, more importantly, the large flux values observed for
respiration. Although there were microforms which show the early uptake of CO, in spring,
the upscaling methods integrated all microforms in an ecosystem flux, and this showed the
change in daily CO, flux from release to uptake much later compared to the flux
measurements by the EC technique.

A study by Soegaard et al. [2000] using a footprint model in an arctic valley showed that for
the interpretation of the CO, fluxes measured by EC the LAI was more important than the
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vegetation type. It might be more suitable to base the upscaling methods not on the microform

distribution but on the leaf area index classes or on a combination of both.

4.5.3 Sources of uncertainty in the model simulations

Model errors are usually caused by an incomplete understanding of biospheric responses to
climate forcing across time scales [Mahecha et al., 2010]. The version of LPJ-GUESS used in
this study shows reasonable agreement with observations of soil temperature, water table
depth, NEE and methane fluxes for both upland and wetland sites across the Arctic [Miller et
al., 2010; Wania et al. 2009a, 2009b, 2010]. Having access to a longer time series of NEE
values would have allowed a site-specific adjustment of parameters to give a better match to
the observations than the results shown here [e.g. Braswell et al. 2005]. We implemented two
different soil carbon decomposition schemes to account for uncertainty due to the
incompletely unknown influence of soil temperature and moisture on soil carbon
decomposition [Davidson and Janssens, 2006].

Nonetheless, there remain a number of other sources of model uncertainty and error that could
also have contributed to the large discrepancies between model output and observed NEE
seen in this study (Tab. 2 and Fig. 9). First, model forcing comprised monthly average
temperature and precipitation gathered at the site (and subsequently linearly interpolated to
give quasi-daily forcing), and this may have led to errors in the timing of the onset and the
end of the growing season. Although modelled vegetation may reflect the observed vegetation
in some of the microforms (Tab. 3), the version of LPJ-GUESS used in this study does not
distinguish between the observed nutrient supply and pH differences between ombrogenous
and minerogenous areas of the study area, and thus the influence of these variables on primary
production, soil carbon decomposition and methane production. Furthermore, soil carbon
quality variations (such as age and lability) within and between microsites will influence soil
carbon decomposition, but such information was not available for use in the model

initialisation.

4.5.4 Comparison to other peatland studies and forest flux estimates

Although peatlands cover vast areas of boreal Russia, there are not many boreal peatland
carbon flux study sites established. Arneth et al. [2002] and Friborg et al. [2003] published

NEE values measured by the EC technique for peatlands in European Russia, Central Siberia
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and West Siberia, respectively. The CO, uptake measured by the EC technique at the Ust-
Pojeg site was representative for the minerogenous part of the peatland and was much higher
than reported by Arneth et al. [2002], possibly because the study sites of Arneth et al. [2002]
were bogs. In contrast, the range and the seasonal dynamics of the CO, fluxes at the Ust-
Pojeg site and the fen studied by Friborg et al. [2003] were in good agreement.

There are more studies on CO, exchange between peatlands and atmosphere in Russia and at
other boreal peatlands measured by the closed chamber technique [e.g. Golovatskaya and
Dyukarev, 2009; Alm et al., 1997, 1999; Griffis et al., 2000; Riutta et al, 2007a, 2007b]. A
detailed comparison of the CO, fluxes at the Ust-Pojeg site and other boreal peatland study
sites was given in Schneider et al. [2010].

Another important ecosystem of the boreal zone in Russia is the spruce forest. CO, flux
measurements were conducted in the spruce forests close to the Ust-Pojeg peatland in the year
2007, which was climatically very similar to 2008 (for the investigation period May to
October precipitation sums were 354 mm and 348 mm, and the mean air temperatures were
11.6 °C and 11.0 °C for the years 2007 and 2008, respectively). The cumulative sum of forest
NEE fluxes for the period from May to October showed only a small sink of CO, of -5 g CO,
m™?, for the whole year 2007 the estimate is -32 g¢ CO, m™. This value lay within the range of
the annual NEE measured for different spruce forests at the southern boundary of the boreal
forest zone in European Russia by closed chamber and EC techniques, which varied from -

609 to 1015 g CO, m™ a' [Vygodskaya and Milynkova, 1995; Olychev et al., 2009].
4.6 Summary and conclusions

In this study, we compared NEE of a boreal peatland site measured by closed chambers, EC
and modelled by LPJ-GUESS. While the general trend and even shorter scale variations of
NEE were similar between chambers and EC, the summed seasonal NEE showed strong
disagreement between the methods. Based on the EC technique measurements, the peatland
was a sink of -533 £ 6 g CO, m™ over the investigation period May - October 2008 whereas
the upscaled chamber measurements showed a release of 344 + 533 g CO, m?, 367 + 593 g
CO, m™ or a small uptake of -68 + 591 g CO, m™ for the upscaling methods based on the
average microform distribution, the results of the footprint modelling or the microform
distribution of the main wind direction, respectively. The upscaled cumulative NEE fluxes are

characterised by high uncertainty and can vary from CO, sink to source.
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To simulate the vegetation and carbon dynamics of the peatland, different runs and soil
organic matter decomposition scenarios were used in the LPJ-GUESS model, altogether 6
combinations. The cumulative NEE varied from 15 to -800 g CO, m™ for the investigation
period between the different model runs. The wet runs showed highest uptake of CO, by the
peatland, followed by dry and standard runs.

The main error sources in the upscaling of the fluxes probably were the calculation of the area
occupied by the different microform types and the high variability of the CO, fluxes within
one microform type. As the individual microforms were smaller than the resolution of the
QuickBird image, we used the vegetation description along eight transects within the
investigated site for the upscaling of the CO, fluxes. This method is characterised by higher
uncertainty than using the land cover classification provided that the classification resolves
the land forms of interest. The variability in CO, fluxes within one microform type could be
mainly explained by differences in LAI. We recommend basing future upscaling methods not
only on microform distribution but also on the spatial distribution of LAI or biomass. These
values can be evaluated from high resolution satellite images.

It might happen that even the next generation ecosystem models will not be able to reproduce
the heterogeneity in vegetation, hydrology and nutrient supply of a peatland, but it will be
possible to model the properties and hence the carbon fluxes of different microform types. So
if we would like to model the recent and future carbon budgets of a peatland it might be an
alternative to couple these microform models with the microform distribution of the peatland

of interest to obtain more realistic results.
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5.1 Abstract

Closed (non-steady state) chambers are widely used for quantifying carbon dioxide (CO,)
fluxes between soils or low-stature canopies and the atmosphere. It is well recognised that
covering a soil or vegetation by a closed chamber inherently disturbs the natural CO, fluxes
by altering the concentration gradients between the soil, the vegetation and the overlying air.
Thus, the driving factors of CO, fluxes are not constant during the closed chamber
experiment, and no linear increase or decrease of CO, concentration over time within the
chamber headspace can be expected. Nevertheless, linear regression has been applied for
calculating CO, fluxes in many recent, partly influential, studies. This approach was justified
by keeping the closure time short and assuming the concentration change over time to be in
the linear range. Here, we test if the application of linear regression is really appropriate for
estimating CO, fluxes using closed chambers over short closure times and if the application of
nonlinear regression is necessary. We developed a nonlinear exponential regression model
from diffusion and photosynthesis theory. This exponential model was tested with four
different datasets of CO, flux measurements (total number: 1764) conducted at three
peatlands sites in Finland and a tundra site in Siberia. Thorough analyses of residuals
demonstrated that linear regression was frequently not appropriate for the determination of
CO; fluxes by closed-chamber methods, even if closure times were kept short. The developed
exponential model was well suited for nonlinear regression of the concentration over time c()
evolution in the chamber headspace and estimation of the initial CO; fluxes at closure time for
the majority of experiments. However, a rather large percentage of the exponential regression

functions showed curvatures not consistent with the theoretical model which is considered to
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be caused by violations of the underlying model assumptions. Especially the effects of
turbulence and pressure disturbances by the chamber deployment are suspected to have
caused unexplainable curvatures. CO, flux estimates by linear regression can be as low as
40 % of the flux estimates of exponential regression for closure times of only two minutes.
The degree of underestimation increased with increasing CO, flux strength and was
dependent on soil and vegetation conditions which can disturb not only the quantitative but
also the qualitative evaluation of CO; flux dynamics. The underestimation effect by linear
regression was observed to be different for CO, uptake and release situations which can lead
to stronger bias in the daily, seasonal and annual CO, balances than in the individual fluxes.
To avoid serious bias of CO, flux estimates based on closed chamber experiments, we suggest
further tests using published datasets and recommend the use of nonlinear regression models

for future closed chamber studies.

5.2 Introduction

Accurate measurements of carbon dioxide (CO;) fluxes between soils, vegetation and the
atmosphere are a prerequisite for the quantification and understanding of the carbon source or
sink strengths of ecosystems and, ultimately, for the development of a global carbon balance.
A number of different approaches are used to determine CO, exchange fluxes between
ecosystems and the atmosphere, each with its own advantages and limitations. These
approaches include micrometeorological methods such as eddy covariance or gradient
techniques which are employed on towers or aircrafts, diffusion modelling for bodies of
water, and measurements using open (steady state) or closed (non-steady state) chambers (e.g.
Matson and Harriss, 1995, Norman et al., 1997).

The closed chamber method is the most widely used approach to measure the CO, efflux from
bare soil surfaces (e.g. Jensen et al., 1996; Xu and Qi, 2001; Pumpanen et al., 2003, 2004;
Reth et al., 2005; Wang et al., 2006). Also, it is often applied to quantify the net CO,
exchange between the atmosphere and low-stature canopies typical for tundra (Vourlites et
al., 1993; Christensen et al., 1998; Oechel et al., 1993, 1998, 2000; Zamolodchikov and
Karelin, 2001), peatlands (Alm et al., 1997, 2007; Tuittila et al., 1999; Bubier et al., 2002;
Nykédnen et al., 2003; Burrows et al., 2004; Drdosler, 2005; Laine et al., 2006), forest
understorey vegetation (Goulden and Crill, 1997; Heijmans et al., 2004) and agricultural crop
stands (Dugas et al., 1997; Wagner et al., 1997; Maljanen et al., 2001; Steduto et al., 2002).

Advantageously, the closed-chamber method is relatively low in cost and power consumption,
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simple to operate and can therefore be used in remote, logistically difficult areas. On the other
hand, it is prone to a variety of potential errors (Livingston and Hutchinson, 1995; Welles et
al., 2001; Davidson et al., 2002) which the investigator has to consider and to minimise by
careful experiment planning and chamber design. Sources of errors are (1.) inaccurate
determination of the headspace volume (Livingston and Hutchinson, 1995), (2) leakage
directly at the chamber components or via the underlying soil pore space (Hutchinson and
Livingston, 2001; Livingston et al., 2006), (3.) temperature changes of the soil and the
atmosphere beneath the chamber (Wagner and Reicosky, 1992, Drésler, 2005), (4.) artificial
water vapour accumulation which depletes the CO, concentration and might influence the
stomata regulation of plants (Welles et al., 2001), (5.) disturbance of pressure gradients across
the soil-atmosphere interface by soil compression or insufficient pressure relief during
chamber setting (Hutchinson and Livingston, 2001; Livingston et al., 2006), (6.) suppression
of the natural pressure fluctuations (Hutchinson and Mosier, 1981; Conen and Smith, 1998;
Hutchinson and Livingston, 2001), (7.) alteration or even elimination of advection and
turbulence and thus modification of the diffusion resistance of the soil- or plant-atmosphere
boundary layer (Hanson et al., 1993; Le Dantec et al., 1999, Hutchinson et al., 2000;
Denmead and Reicosky, 2003; Reicosky, 2003), and (8.) the concentration build-up or
reduction within the chamber headspace that inherently disturbs the underlying concentration
gradients that were in effect prior to chamber deployment (e.g. Matthias et al., 1978;
Hutchinson et al., 2000; Livingston et al., 2006). This study focuses on the latter problem,
which can lead to serious bias of CO; fluxes if not accounted for, even if all other potential
errors were kept at minimum.

The closed chamber methodology estimates the CO, fluxes by analysing the rates of CO;
accumulation or depletion in the chamber headspace over time. However, every change of the
CO; concentration from the normal ambient conditions feeds back on the CO, fluxes by
altering the concentration gradients between the soil or the plant tissues and the surrounding
air. In other words, the measurement method itself alters the measurand. Thus, for assessing
the predeployment CO, flux, the rate of initial concentration change at the moment of
deployment (¢ = ty = 0) should be used when the alteration of the concentration gradients in
soils and plant tissues is minimal, rather than the mean rate of the CO, concentration change
over the chamber closure period (Livingston and Hutchinson 1995).

The nonlinear nature of the gas concentration evolution over time in closed chambers has
been recognised and discussed early and at length in the history of chamber-based gas flux

measurements. However, most studies concerning this issue were conducted for the gas
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exchange of bare soil surfaces. Matthias et al. (1978) showed for numerical simulations of
closed chamber experiments with closure times of 20 min that N,O emissions could be
underestimated by as much as 55% by linear regression. Quadratic regression still
underestimated the real fluxes by up to 25 %. An exponential function developed from
simplified diffusion theory was best suited for the flux estimate with underestimation of the
fluxes of maximal 11 %. In the following years, further theoretical and numerical studies
came to the same conclusion that the use of linear regression can lead to serious
underestimation of gas fluxes between soils and atmosphere (Hutchinson and Mosier, 1981;
Healy et al., 1996; Hutchinson et al., 2000; Pedersen, 2000; Pedersen et al., 2001; Welles et
al., 2001; Hutchinson and Livingston, 2001). The serious underestimation bias of the linear
regression method as predicted by the theoretical and numerical studies was confirmed by
Nakano et al. (2004) by measurements of CO; release and CH4 consumption from soils under
actual field conditions. Recently, Livingston et al. (2005, 2006) introduced the so-called non-
steady-state diffusive flux estimator (NDFE) function which is derived from time dependent
diffusion theory and can be fitted by nonlinear regression to gas concentration over time data
from closed chamber experiments. They demonstrated for numerical model simulations that
only the NDFE model was able to accurately determine the predeployment gas fluxes whereas
quadratic and also exponential regression still underestimated them. However, the NDFE
model is restricted to gas sources in bare soils whereas vegetation and gas sinks are not
considered. Only few researchers have applied nonlinear models to determine CO, exchange
fluxes on vegetated surfaces (Dugas et al., 1997; Wagner et al., 1997; Steduto et al., 2002).
The mentioned scientists used the quadratic model proposed by Wagner et al. (1997) which
accounts for nonlinear disturbances by the chamber deployment but is not based on the
underlying physiology and diffusion physics. Wagner et al. (1997) demonstrated for the CO,
exchange of different agricultural crop stands that 60 % to 100 % of all chamber experiments
were significantly nonlinear. Even with a short closure time of 60 s, fluxes derived from
quadratic regression were 10 % to 40 % greater than those calculated with linear regression.

Despite the growing evidence against the use of a linear model for the determination of gas
fluxes using closed chambers, most of the recent studies on the CO, balance of vegetated
surfaces and many studies on the CO, efflux from bare soil have applied linear regression for
estimating CO; fluxes (e.g. Vourlites et al., 1993; Oechel et al., 1993, 1998, 2000; Jensen et
al., 1996; Alm et al., 1997, 2007; Goulden and Crill, 1997; Christensen et al., 1998; Tuittila et
al., 1999; Maljanen et al., 2001; Xu and Qi, 2001; Bubier et al., 2002; Nykénen et al., 2003;
Pumpanen et al., 2003; Burrows et al., 2004; Heijmans et al., 2004; Drosler, 2005; Reth et al.,
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2005; Laine et al., 2006; Wang et al., 2006). Usually, the authors justify the use of linear
regression by keeping the closure time short and assuming the concentration change over time
to be still in the linear range.

Here, we investigate if the application of linear regression is really appropriate for estimating
CO; fluxes from bare or vegetated soils using closed chambers with short closure times or if it
is necessary to apply a nonlinear model. The performance of the linear model can be
evaluated by comparing its results with the results of nonlinear models developed from
biophysical theory. For bare and approximately homogenous soils, we consider nonlinear
regression of the NDFE function of Livingston et al. (2005, 2006) as the most advanced
approach. However, the extension of this physically-based model of non-steady state diffusion
through homogenous soils to the situation of vegetated and substantially heterogeneous soils
does not appear feasible to us. Therefore, we develop a conceptual, explicitly simplified
biophysical model to include both soils and vegetation processes. The main purpose of this
model is to evaluate which type of nonlinear function can be expected to adequately describe
the evolution of CO, concentrations within closed chambers deployed on vegetated and bare
soils. We adopt the exponential model of Matthias et al. (1978) for trace gas efflux from bare
soils, which is based on simplified diffusion theory, and expand it for sites with low-stature
vegetation. For this purpose, the effect of changing CO, concentrations on photosynthesis has
to be added to the model.

The developed nonlinear exponential model is tested against the linear model and the
quadratic model proposed by Wagner et al. (1997) with four datasets of CO, flux
measurements (total number = 1764) conducted by four separate working groups at two
vegetated boreal peatlands, one vegetated tundra, and one non-vegetated boreal peat
excavation site. Furthermore, the exponential model was tested against the NDFE model of
Livingston et al. (2005, 2006) using the dataset from the non-vegetated peat excavation site.

The major questions of the test experiment were:

(a.)  How well do the empirical linear and quadratic functions (f;in and fqu.) as well as the
theory-based exponential and NDFE functions (fexp, fnpre) describe the chamber CO,

concentration evolution data from real measurements?

(b.)  Are the linear and quadratic model functions (fii» and fqua) sufficient approximations of
the exponential model for the specific experiment set-ups, particularly for short

chamber closure times?
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(c.) Is the NDFE function (faprg) better fitted to the chamber CO, data from the non-

vegetated peat excavation site than the exponential function (fexp)?

(d) Do the initial slopes f'(¢) of the different functions (fiin, fqua> fexp» /NDFE), Which are

directly proportional to the calculated initial CO, net fluxes Fietp), deviate

significantly from each other?

Figure 1: Schematic of the CO2 fluxes in the chamber headspace which make up to the net
CO2 flux Fnet (details in the text, Eq. (1)). FSoil(?) is the diffusive efflux from the
soil, photosynthesis, FR(¢) is aboveground plant respiration, FLeak(¢) is leak flux.
dc/dt(t) is concentration change over time ¢ in the chamber headspace.

5.3 Development of the nonlinear exponential model

Presuming that the chamber experiment itself alters the measurand, namely the CO, flux, a
nonlinear evolution of the CO, concentration in the chamber headspace must be expected. In
the following, a conceptual model based on simplified biophysical theory is developed which
shall reflect this nonlinear CO, concentration evolution as affected by the main relevant
processes which contribute to the net CO, flux into or from the chamber headspace. The
considered processes are (1.) diffusion from the soil, (2.) photosynthesis of the plants, (3.)
respiration of the plants and (4.) diffusion from the headspace to the surrounding atmosphere
by leaks at the chamber or through the soil (Fig. 1).

The model presented here is based on the assumption that all other potential errors of the

closed chamber approach which are not connected to the inherent concentration changes in
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the closed chamber headspace are negligible thanks to careful experiment planning. This
means that during chamber deployment, soil and headspace air temperature,
photosynthetically active radiation, air pressure and headspace turbulence are assumed to be
constant and approximately equal to ambient conditions.

When covering a vegetated soil surface with a closed chamber, the CO, concentration change
over time in the chamber headspace is the net effect of several individual processes with
partly opposing directions (Fig. 1). CO, is added to or removed from the headspace by
different processes at different interface surfaces. The headspace is isolated from the
surrounding atmosphere by the chamber walls. Here, relevant CO, flux is only possible
through leaks (FLeak) Which should be avoided but often cannot be ruled out completely. Of
course, the headspace is open to the soil surface where CO; efflux from the soil (Fs,i) to the
overlying air takes place. Inside the headspace, plants photosynthesise and respire, meaning
CO; removal (Fp) from or CO; supply (Fr) to the headspace air, respectively. The sum of all
CO; fluxes into or out of the headspace represents the net CO, flux (Fye) Which can be
estimated by the change of the CO, concentration over time dc/dt (¢) during chamber closure.
The sign convention of this study is that fluxes are defined positive when adding CO; to the
chamber headspace and negative when removing CO, from the chamber headspace.

The net CO, flux Fp(f), which in effect drives the CO; concentration change in the chamber
headspace over time dc/dt (f), can be written as:

dc pV
F = =L = F.
nct(t) dt (t) R TA Soil

(0)+ F(0)+ F(e)+ F.(0) (1)
where p is air pressure, R is the ideal gas constant, and 7 is the temperature (in Kelvin). /" and
A are the volume and the basal area of the chamber, respectively. Fsoi(?) is the CO, efflux
from the soil which originates from the respiration of soil microbes, soil animals and
belowground biomass of plants, i.e. roots and rhizomes, Fp(?) is the CO, flux associated with
the gross photosynthesis of the plants, Fr(?) is the CO, flux associated with the dark
respiration of the aboveground biomass, and £ ¢.k(?) 1s the CO, flux related to leakage directly
at the chamber components or via the soil pore space. These individual process-associated
fluxes have to be considered as not constant but more or less variable over time during the
chamber deployment. This is due to the direct dependency of some of the individual fluxes on
the CO, concentration in the headspace which is changing over time.

By reorganising Eq. (1), the concentration change in the chamber headspace over time

dc/dt (t), can be written as:

113



RTA
-~

Leak 2

)= [0+ F 0 £ 0)+

The CO; efflux from the soil to the headspace air Fseii(¢) is considered to be mainly driven by
molecular diffusion between the CO,-enriched soil pore space and the headspace air and can
be modelled following Matthias et al. (1978), Hutchinson and Mosier (1981) and Pedersen
(2000) as:

— [Cd _C(t)] pV
Fu@ = D T RT4 3)

where D is the soil CO, diffusivity, ¢4 is the CO, concentration at some unknown depth d
below the surface where the CO, concentration is constant and not influenced by the chamber
deployment. ¢(¢) is the CO, concentration of the headspace air which is assumed equal to the
CO, concentration at the soil surface, which has to be ensured by adequate mixing of the
headspace air.

While the nonlinear models of Fso over the chamber closure time by the above-mentioned
authors are well-accepted and frequently applied, the effect of the CO, concentration changes
in the chamber headspace on the photosynthesis of enclosed vegetation has not been given
much attention. However, this effect can be expected to be substantial considering the
underlying enzyme kinetics of photosynthesis whose main substrate is CO,.

As photosynthesis is limited either by the electron transport rate at the chloroplast, which is
dependent on irradiation, or the activity of Rubisco, which is mainly dependent on the
intercellular CO, concentration (Farquhar et al., 1980), Fp can be either strongly dependent on
or nearly independent of changes of the headspace CO, concentration ¢(f) depending on the
irradiation level. The complex dependence of photosynthetic activity on irradiation and CO,
concentration which is reflected in full detail by the model of Farquhar et al. (1980) must and
can be strongly simplified for our approach. Under non-irradiation-limited conditions, the
photosynthesis of C3 plants and mosses is considered to correlate approximately linearly with
the ambient CO, concentration at CO, concentrations between 300 ppm and 400 ppm. This
has been shown by several previous studies (Morison and Gifford, 1983; Grulke et al., 1990;
Stitt, 1991; Sage, 1994; Luo et al., 1996; Luo and Mooney, 1996; Williams and Flanagan,
1998; Griffin and Luo, 1999). Consequently, Fp(f) can be modelled for periods with non-
irradiation-limited photosynthesis of a canopy consisting of C3 plants and/or mosses, which is

typical for tundra and peatlands, as:

RO = k)2 (4)
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where £, is the constant of proportionality of the approximately linear relationship between
CO; concentration and photosynthesis-associated flux.

On the other hand, Fp(f) is not a function of c(f) but invariant with changing c(¢) if
photosynthesis is limited by the irradiation — consequently also during dark conditions — or if
the canopy consists mainly of C4 plants. Thus, if the other environmental controls such as
irradiation, temperature or air moisture can be assumed constant, Fp(¢) can be defined as:

F() = F,\t) (5)
where #pis £ = 0.

As the effect of ambient CO, concentration changes on dark respiration has been shown to be
very low or none (Grulke et al., 1990; Drake et al., 1999; Amthor, 2000; Tjoelker et al., 2001;
Smart, 2004; Bunce, 2005), CO, flux associated with the dark respiration of aboveground
biomass Fr(#) is considered invariant with changing c(¢) in a considered CO, concentration
range of 200 ppm to 500 ppm. Thus, if the other environmental controls such as temperature

or air moisture can be assumed constant, Fr(¢) can be defined as:

F() = F(,) (6)
As leakage often cannot be ruled out completely, CO; flux associated with potential leakages
FLeak(?) should be integrated into the model. Fi..k(?) is considered to be driven by diffusive
transport and can therefore be modelled similarly to Fs.(7):

B PR TR R PR | I S A
FLeak (t) - {Dchamber + DSoil d R TA - KLeak [ca C(t)] R TA (7)

Chamber Soil
where Dcnamber 18 the mean diffusivity of leaks directly at the chamber components, depamber 1S
the distance between headspace and the surrounding air, Ds,; is the mean diffusivity of leaks
by air-filled soil pore space, and dso is the distance between the headspace and the
surrounding air via the air-filled soil pore space. K| .k 1S a constant which combines Dchambers
dchambers Dsoil, and dgoii and indicates leakage strength. ¢, is the CO, concentration in the air
outside of the chamber which is considered well-mixed and therefore constant during
chamber deployment.

For situations with non-irradiation-limited photosynthesis, the concentration change in the
chamber headspace over time dc/dt (f) can be derived by inserting the Egs. (3), (4), (6) and (7)
into Eq. (2):

de \ e, —c(t)] RTA ~
G0 = ik ) R S K e ) ®)

which can be reorganised to
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dc D RTA D
—(t) = |—c, +F(¢ + K +|-—+k - K t 9
dt() d Cd R(O) pV Leak Ca:| |: d P Lcak:|c() ( )

This differential equation expresses mathematically the previously emphasised fact that the
measurement method itself alters the measurand. The measurand dc/dt(t) is altered by the
change of the headspace concentration c(f) which is forced by the chamber deployment to
determine dc/dt (). The differential equation Eq. (9) is solved by computing its indefinite

integral:

RTA
+K  c

|:§ cd + FR (tO) V Leak a:| D
o) = - P vexpl|-Z 4k, —K . | t|B (10)
D P Leak

d
[_ g + kP - KLeak}

where B is the integral constant.

For situations with irradiation-limited photosynthesis, the concentration change in the
chamber headspace over time dc/dt (f) can be derived by inserting the Egs. (3), (5), (6) and (7)
into Eq. (2):

d —clt RTA

=0 w R + R+ Kl - 0] (1)
which can be reorganised to :

d D RTA D

“0 - Barrwrnol i s -2k o

This differential equation is solved by computing its indefinite integral:

} + epo—%—Kuak] t} B (13)

D RTA
{d ¢, +[F,(t,) + Fo(t,)] oV + K, €,

(_ fi) - KLcakj

where B is the integral constant.

c(t) =—

For both situations, with non-irradiation-limited photosynthesis and with irradiation-limited
photosynthesis, the evolution of ¢(z) over time as given by Eq. (10) and Eq. (13), respectively,

can be described and fitted by an exponential function fe,(?) of the form:
ct)= [f,(0)+e) = p+poexplp, 1) +e() (14)
where &£(7) is the residual error at a specific measurement time ¢. The parameters p; and ps

have different meanings for each situation. For the situation with non-irradiation-limited

photosynthesis, p; is given by
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B cd + FR (tO) R TA + KLcak Ca
d pV
b = - D (15)
(_d + kP - KLeakj
and p; is given by
D
P, = (_;"'kp _KLeakj (16)

For the situation with irradiation-limited photosynthesis, p; is given by

D RTA
{d cd + [F;’ (tO) + FR (to)] 7 + KLeak ca}

b = = D (17)
(_d_KLeak)
and ps is given by
D
p3 = (_E_KLcak] (18)

For both situations, p, is equal to the integral constant B of the solution of the respective
differential equation:

p, = B (19)
As shown clearly by Egs. (15) to (19), the parameters of the exponential model p;, p», and ps
cannot directly be interpreted physiologically or physically since they represent a
mathematical combination of several physiological and physical parameters of the
investigated soil-vegetation system and the applied closed chamber technique. However, the
given derivation demonstrates that an exponential or near-exponential form of the regression
model should be applicable for describing the evolution of ¢(#) over time in the chamber
headspace. The initial slope of the exponential regression curve fe,'(f0) = (p2 p3) can be used
to estimate the CO, flux rate at the beginning of the chamber deployment Fye(#p), which is
considered to be the best estimator of the net CO, exchange flux under undisturbed

conditions:

de 14 , 4 14
F;et(to) = E(to)ﬁ = f;xp(to)ﬁ = D psﬁ (20)

Regarding the results of Matthias et al. (1978) and Livingston et al. (2006), nonlinear
regression of the exponential function to the c(f) data is still likely to underestimate the
predeployment fluxes. However, we consider the application of exponential regression as the
most accurate approach which is practicable at all when measuring CO, fluxes from complex

vegetation-soil systems.
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5.4 Least squares regression of model functions

The evolution of the CO, concentration in the chamber headspace c(#) over time was analysed
by fitting the following model functions to the experimental data: (1.) the exponential model
function fep(f) developed in Chapter 2, (2.) a quadratic model function fqu.(?) as proposed
previously by Wagner et al. (1997), (3.) the linear model function fji,(¢), which was used in
many other studies and (4.) the NDFE function proposed by Livingston et al. (2006) only for

the non-vegetated peat excavation site Linnansuo. The quadratic model function has the form:

ct) = fu.@)+elt) = a+bt+ct’ +e() Q1)
The linear model function has the form:
ct) = f.(t)+relt) = a+bt+elt) (22)

The NDFE function has the form:

() = fo (rel) = o+ fr(;]{%m +exp(t/r)erfc(\/t/_r)—l}+g(t), 23)

where ¢y and f, represent initial chamber headspace CO, concentration and initial CO; flux at
to = 0, the time constant 7 is an indicator of how fast the concentration gradient of the gas in
the soil responds to changes in chamber CO, concentration (Livingston et al., 2005, 2006).
The parameters of the best-fitted functions were estimated by least-squares regression, i.e. by
minimizing the sum of the squared residuals between the observed data and their fitted values.
Both, the nonlinear and the linear regressions were conducted with an iterative Gauss-Newton
algorithm with Levenberg-Marquardt modifications for global convergence (function nlinfit
of the Statistics Toolbox of MATLAB® Version 7.1.0.246 (R14)).

The parameters of the exponential and quadratic regression functions (Eq. (20), Eq. (21)) can
only be interpreted by the theoretical model if the curves are convex, i.e. if the absolute of the
absolute value of the slope of the ¢(¢) curve is decreasing with time. However, the parameter
estimations of the exponential and quadratic regressions were not restricted to such curvatures
only, thus allowing for the detection of clearly nonlinear c¢(f) curves with curvatures not
explainable by the theoretical model. Curves with such “unexplainable” curvatures were
separated after the fitting procedure. The parameters of the NDFE model were restricted to

positive values as was done also by Livingston et al. (2006).
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5.5 Statistical evaluation and comparison of different models

The first step to test the theory-based models f.x, and fupre With respect to their ability to
describe the c(#) evolution within the chambers was to check if the curvatures of the quadratic
Jqua and exponential fc, regression functions were consistent with the theoretical
considerations (see Chapter 3). Curves with the absolute values of the slopes increasing with
time are neither explainable by the exponential model developed in this study nor by the
NDFE model of Livingston et al. (2006). They were considered to be caused by violations of
the basic assumptions of the developed theoretical model, which means that one of the factors
soil temperature, headspace air temperature, photosynthetically active radiation, the pressure
gradient across the soil-atmosphere interface or the headspace turbulence were apparently
neither constant nor approximately equal to ambient conditions. Then, the different regression
functions fiin, fqua, fexp, /NDFE Were evaluated by thorough analyses of residuals. These analyses
included the Durbin-Watson test for autocorrelation and the D’Agostino-Pearson test for
normality of the residuals (Durbin and Watson, 1950; D’Agostino, 1971). Furthermore, the
goodness of fit of the different regression functions was compared using the adjusted
nonlinear coefficient of determination Rzadj (Rawlings et al., 1998), the Akaike information
criterion AIC, (with small sample second order bias correction; Burnham and Anderson,
2004) and an F-test of the residual variances of two compared regression functions (Fisher,
1924).

The question whether the initial slopes f'(#y) of two different regression functions deviate
significantly from each other was then evaluated by plotting them against each other as x-y
scatter diagrams. The differences between the absolute values of f'(#) of two regression
functions were separated by their sign and tested for their significance by one-tailed Student’s
t-tests following Potthoff (1965, cited in Sachs, 1992). The error estimates of the initial slopes
were determined after removing autocorrelation by block-averaging the data. The necessary
data number for block averages were automatically adjusted to the degree of observed
autocorrelation by a routine included in the applied MATLAB® regression program. The
error estimates of the initial slope of the exponential function were derived by fitting a Taylor
power series expansion of 17" order to the data whose curve form and initial slope is
practically identical with the original exponential function. Advantageously, the power series
expansion is more resistant against overparameterisation than the exponential function and
directly estimates the initial slope of the c(#) curve as one of its fit parameters which results in

lower error estimates for the initial slopes.

119



Autocorrelation of the residuals would indicate that the fitted model does not reflect all
important processes governing the c(#) evolution over time. Indeed, autocorrelation of the
residuals is a very sensitive indicator of a too simple model. With significantly autocorrelated
residuals, the least-squares estimators would no longer be the best estimators of the function
parameters (violation of the third Gauss-Markov assumption). Also the variance (error)
estimators of the parameters would be seriously biased (Durbin and Watson, 1950; Rawlings
et al., 1998). That means that autocorrelation must be removed (by data reduction) before
correct estimations of the errors of the regression parameters and consequently also of the
errors of the flux estimates are possible. For the ¢(f) evolution data from the closed chamber
experiments, checking for autocorrelation becomes particularly important since these data
represent time series which are often susceptible to residual autocorrelation. The assumption
of normality of the residuals has to be valid for tests of significance and construction of
confidence intervals for the regression function (Rawlings et al., 1998). For the c(¢) data, the
D’Agostino-Pearson test is a stricter test for normality than the often used Kolmogorov-
Smirnov test, which has to be considered out-dated (D’Agostino, 1986). A well-fitted model
should neither show autocorrelation nor non-normality of the residuals. Thus, in our case, if
autocorrelation and/or non-normality of the residuals are found to be more serious for fj, or
Jqua compared to fp, this would indicate that the respective function would be less appropriate

for modelling the measurement data than f,,.

5.6 Field measurements

5.6.1 Investigation sites

The closed chamber experiments were conducted at three peatland sites in Finland (Salmisuo,
Vaisjedggi, Linnansuo) and one tundra site in Siberia (Samoylov) by four separate working
groups. Salmisuo is a pristine oligotrophic low-sedge-pine fen and is located in eastern
Finland (62°46'N, 30°58'E) in the boreal zone. A total of twelve plots were established in
different microsite types: four in flarks, four in lawns, and four in hummocks. The hummocks
are elevated above the surrounding area and represent the driest conditions. They are covered
by Sphagnum fuscum, Pinus sylvestris and/or Andromeda polifolia as well as Rubus
chamaemorus. The lawns are intermediate microsites with respect to water level. Their
vegetation consists mostly of Eriophorum vaginatum. The flarks represent the wettest

microsites and are covered primarily by Sphagnum balticum and Scheuchzeria palustris.
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More information on Salmisuo mire can be found in Alm et al. (1997) and Saarnio et al.
(1997).

Vaisjedggi is a pristine palsa mire in northern Finland (69°49'N, 27°30'E). The climate is
subarctic. To consider the different functional surfaces within the mire, four study transects
were established. Transects T; and T, were located on the wet surfaces dominated by
Sphagnum lindbergii or Sphagnum lindbergii and Sphagnum riparium. The most common
vascular plants were Eriophorum angustifolium and Eriophorum russeolum, Vaccinium
microcarpum and Carex limosa. Transect T3 was set at a wet palsa margin and was covered
by Sphagnum riparium, E. angustifolium and E. russeolum. Transect T4 was on the top of the
palsa and was occupied by Vaccinium vitis-idaea, Betula nana, Empetrum nigrum, Rubus
chamaemorus, Ledum palustre, Dicranum polysetum, Andromeda polifolia and lichens like
Cladina rangiferina and Cladonia species. More detailed information is given by Nykénen et
al. (2003).

Linnansuo is a cutover peatland complex in eastern Finland (62°30'N, 30°30'E) in the boreal
zone. The measurements were done in a drained, actively harvested peat production area. No
vegetation was present and the bare peat was laid open. No microsites were differentiated.
More detailed information will be given by Shurpali et al. (2008).

Samoylov is an island in the southern central Lena River Delta in Northern Siberia (72°22'N,
126°30'E). The climate is true-arctic and continental. Samoylov Island is characterised by wet
polygonal tundra. In the depressed polygon centres, drainage is strongly impeded due to the
underlying permafrost, and water-saturated soils or small ponds are common. In contrast, the
elevated polygon rims are characterised by a moderately moist water regime. The vegetation
in the swampy polygon centres and at the edges of ponds is dominated by hydrophytic sedges
(Carex aquatilis, Carex chordorrhiza, Carex rariflora) and mosses (e.g. Limprichtia
revolvens, Meesia longiseta, Aulacomnium turgidum). At the polygon rims, various
mesophytic dwarf shrubs (e.g. Dryas octopetala, Salix glauca), forbs (e.g. Astragalus
frigidus) and mosses (e.g. Hylocomium splendens, Timmia austriaca) gain a higher
dominance. More detailed information is given in Pfeiffer et al. (1999), Kutzbach et al. (2004)
and Kutzbach (2006). A total of 15 plots were established in 5 different microsite types: 3 at a
polygon rim and 3 at each of 4 polygon centres which differed by their moisture and
vegetation conditions. More details on the Samoylov site will be given by a manuscript in

preparation by T. Sachs et al.
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5.6.2 Experimental methods

The closed chamber experiments were conducted from July to September 2005 at Salmisuo,
from June to August 1998 at Vaisjedggi, from June to November 2004 at Linnansuo and from
July to September 2006 on Samoylov Island to determine the net ecosystem exchange of CO,.
An overview of the set-up characteristics for the four investigation sites is given in Tab. 1. For
illustration of the differences between the datasets, examples of the c(¢) evolution over time
for all investigation sites are given in Fig. 2. Permanent and robust boardwalks supported by
poles driven in the soils vertically as well as permanently installed collars were established at
Salmisuo, Vaisjedggi and Samoylov. At Linnasuo, neither boardwalks nor permanent collars
could be installed due to ongoing peat excavation activities. All chamber experiments were
performed manually. Transparent chambers were used at the vegetated sites Salmisuo,
Vaisjedggi and Samoylov while opaque chamber were used at the bare peat site Linnansuo.
Experiments were conducted during day and night time at Salmisuo and Samoylov whereas
they were conducted only during daytime at Vaisjedggi and Linnansuo. The chamber
headspace air was automatically cooled and mixed by a fan at Salmisuo and Vaisjedggi. For
Samoylov chambers, headspace air was mixed by air cycling through dispersive tubes by a
membrane pump but not cooled. For Linnansuo chambers, neither an air mixing device nor a
cooling system was provided. Initial pressure shocks during the chamber setting were

minimised by additional openings on top of the chambers.
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Figure 2. Examples of the CO, concentration ¢(¢) evolution over time ¢ for the different
investigation sites. A Salmisuo, 11 August 2005, B Vaisjedggi, 17 August 1998, C Linnansuo,
12 November 2004, D Samoylov, 26 July 2006. The dashed lines indicate linear regression
functions fii,, the solid lines indicate exponential regression functions fey,. The absolute values
of the initial slopes of the exponential functions f (%) are around 0.3 ppm s for all
examples. An overview of the different set-up characteristics is given in Tab. 1.

Table 1: Overview of set-up characteristics for the different investigation sites Salmisuo,
Vaisjedggi, Linnasuo and Samoylov.

Salmisuo Vaisjedggi Linnansuo Samoylov
chamber type manual, manual, manual, manual,
transparent transparent opaque transparent
time schedule 24-hour runs  only daytime  only daytime  partly day,
partly night
chamber basal area 0.36 m* 0.36 m’ 0.075 m’ 0.25 m?
chamber height 32 cm 25 cm 30cm...32cm Scm...15cm
robust boardwalks yes yes no yes
permanent collars yes yes no yes
insertion depth of collar 15cm...20cm 15cm...30cm 5 cm 10 cm...15 cm
or chamber walls in soil
cooling system yes yes no no
air mixing fan fan no air cycling by
pump
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pressure relief provision

only during

vent tube open

relief valve in

only during

chamber over closure function over  chamber
setting period closure period setting
CO; analyser LI1-840, L1-6200, L1-6200, Gas monitor
LI-COR LI-COR LI-COR 1412, Innova
Airtech
Instruments
closure time 120 s 120s...160s  150s 480 s...600 s
interval length ls 5s 10s 45 s
data discarding interval ~ 10's no 30s 45 s
at experiment start
instrument noise RMSE ~ £0.5 ppm +0.1 ppm +0.3 ppm +0.8 ppm
threshold of residual 1.6 ppm 1.2 ppm 2.2 ppm 1.7 ppm

standard deviation used
for coarse error filtering

Closure times were rather short at Salmisuo (120 s), Vaisjedggi (120-160 s) and Linnasuo
(150 s), and much longer at Samoylov (480-600 s). Also, the concentration measurement
intervals differed considerably in length: 1 s at Salmisuo, 5 s at Vaisjedggi, 10 s at Linnasuo
and 45 s at Samoylov. To avoid initial large noise in the c(#) data which would disturb the
regressions seriously, we discarded data points at the start of the chamber deployment and
delayed the start point of the experiment #, = 0. The discarding interval was 10 s at Salmisuo,
30 s at Linnansuo and 45 s at Samoylov. No data discarding was done for the Vaisjedggi data.
The chamber experiments were filtered to exclude data which appeared strongly disturbed.
For Linnasuo data, a visual inspection of c¢(¢f) curves was done, and curves that looked
strongly disturbed were discarded right away (6.1 % of the experiments). All datasets were
filtered after regression analysis using the standard deviation of the residuals of the
exponential regression function as indicator of experiment noise. Thresholds of residual
standard deviation, which indicated unacceptable noise levels, were 1.6 ppm for Salmisuo, 1.2
ppm for Vaisjedggi, 2.2 ppm for Linnansuo and 1.7 ppm for Samoylov. It should be noted that
data screening and flux calculations of the already published data from Vaisjedggi and
Linnasuo was performed using different approaches than in this study (Nykénen et al, 2003;

Shurpali et al., 2008).
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5.7 Results

5.7.1 Residual analyses

Examples of the observed c(¢) data and fits of the linear and exponential model are given in
Fig. 3. The respective goodness-of-fit statistics are given in Table 2. Many of the measured
c(t) curves were clearly nonlinear even if chamber closure times were only 120 s (e.g. Fig. 3
A-F). However, a rather large fraction of the nonlinear curves showed curvatures which were
not consistent with the theoretical model developed in Chapter 2 (e.g. Fig. 3 B, D, F). A
summary of the residual analyses for all chamber experiments from the four investigation
sites is given in Tab. 3. The residual analyses were conducted for all regression functions
without parameter restrictions. Thus, regression curves with curvatures not consistent with the
theoretical model were also included. In general, the residual analyses showed that the
exponential model was frequently significantly better suited than the linear model to describe
the measured c(¢) evolution in the chamber headspace. However, a substantial fraction (20 %
to 40 %) of the fitted curves showed curvatures which did not conform to the theoretical
model. The quadratic and the exponential model performed very similarly with respect to
their residual statistics. The extent to which the nonlinear models were better suited was
different for the four datasets depending on the specifics of the respective experiment set-ups,
i.e. measurement intervals, measurement noise, and presumably also by the ecosystem
characteristics of the different sites.

Autocorrelation was less often detected by the Durbin-Watson test for the exponential and
quadratic models than for the linear model. For the Salmisuo dataset, significant positive
autocorrelation (d > dy) could be excluded for 68 % of the exponential regressions, 67 % of
the quadratic regressions and for only 44 % of the linear regressions. For the Vaisjedggi and
Linnansuo datasets, autocorrelation was generally a bigger problem: For the Vaisjedggi
dataset, significant positive autocorrelation (d > dy) could be excluded for 30 % of the
exponential regressions, 30 % of the quadratic regressions and for only 10 % of the linear
regressions. For the Linnasuo dataset, significant positive autocorrelation (d > dy) could be
excluded for 49 % of the exponential regressions, 48 % of the quadratic regressions and for
only 27 % of the linear regressions. For the Samoylov dataset, autocorrelation was less of a
problem due to a lower number of data points and a higher noise level: Significant positive
autocorrelation (d > dy) could be excluded for 75 % of the exponential and quadratic

regressions and for 67 % of the linear regressions.
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Evaluated with the D’Agostino-Pearson test, normality of the residuals was found to be a
minor problem compared to autocorrelation. For the Salmisuo dataset, 84 % of the linear
regressions, 86 % of the quadratic regressions, and 87 % of the exponential regressions
showed normally distributed residuals. The percentages of regressions with normally
distributed residuals are even greater for the other datasets with longer measurement intervals
(Vaisjedggi, Linnansuo, Samoylov). For Salmisuo, removal of autocorrelation by block-
averaging also eliminated most of the non-normality problems in the residuals (data not
shown).

Table 2: Goodness-of-fit statistics of linear (lin) and exponential (exp) regression curves for
example datasets as shown in Figure 3. Goodness of fit can be compared by the adjusted
coefficient of determination Rzadj, the Akaike information criterion AIC, (with small sample
second order bias correction) and an F-test checking if the residual variance of the exponential
regressions is smaller than that of the linear regression (P is significance level).

ID site, date, time Rzadj AIC, F-test
lin exp lin exp Var(exp)<Var(lin)

A Salmisuo, 0.994 0.998 -56 -180 P <0.0001
13/09/2005, 13:10

B  Salmisuo, 0.994 0.996 -137 -177 P <0.05
18/8/2005, 10:40

C Salmisuo, 0.979 0.992 -54 -175 P <0.0001
9/9/2005, 2:50

D Salmisuo, 0.971 0.980 -136 -179 P <0.05
9/9/2005, 3:30

E Vaisjedggi, 0.992 0.999 -83 -123 P <0.0001
27/8/1998, 14:40

F  Vaisjedggi, 0.998 0.9998 -85 -143 P <0.0001

22/6/1998, 15:00
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Figure 3. Examples of the CO, concentration c(¢) evolution within the chamber and fitted
linear and exponential functions. A Salmisuo, 13 September 2005 13:10 LT, B Salmisuo, 18
August 2005 10:40 LT, C Salmisuo, 9 September 2005 3:30 LT, D Salmisuo, 9 September
2:50 LT, E Vaisjedggi, 27 August 1998 14:40 LT, F Vaisjedggi, 22 June 1998 15:00 LT. The
dashed lines indicate linear regression functions fji,, the solid lines indicate exponential
regression functions fep. A, C and E show exponential regression functions with curvature
consistent with the developed theoretical model. B, D and F show exponential regression
functions with curvature not consistent with the theoretical model. Statistics for the regression
functions are given in Tab. 2.
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The different goodness-of-fit indicators for regression model comparison Rzadj, AIC, and the
F-test of the residual variances showed rather differing results between the different indicators
and datasets (Tab. 3). However, it could be demonstrated that for the majority of experiments
of all datasets the exponential and quadratic models were significantly better fitted than the
linear model. For the Salmisuo dataset, Rzadj was greater for 84 % of the quadratic regressions
and 83 % of the exponential regressions than for the respective linear regressions indicating a
better fit. However, only 63 % of the exponential regressions showed a greater Rzadj than the
linear regressions while also showing a curvature conforming with the theoretical model. The
AIC, appeared to penalize somewhat stronger the higher number of parameters in the
nonlinear models than the Rzadj: The AICc was smaller for only 77 % of the quadratic and
exponential regressions than for the respective linear regressions indicating a better fit. The F-
test of the residual variances indicated that the quadratic and exponential regressions had a
significantly (P < 0.1) lower residual variance than the respective linear regressions for 37 %
of the Salmisuo experiments. Thirty percent of the exponential regressions had a significantly
lower residual variance than the linear regressions while also showing a curvature conforming
with the theoretical model.

Compared to Salmisuo, the Vaisjedggi dataset showed a greater percentage of experiments
which were better fitted by the nonlinear regressions than the linear regression. The F-test of
the residual variances proved that the quadratic and exponential regressions had a
significantly (P < 0.1) lower residual variance than the respective linear regressions for 60 %
of the Vaisjedggi experiments. 42 % of the exponential regressions had a significantly lower
residual variance than the linear regressions while also showing a curvature conforming with
the theoretical model.

The percentage of the Linnansuo experiments which were better fitted by the nonlinear than
by the linear model was comparable to that of the Salmisuo dataset. However, rather many of
these regressions showed curvatures not consistent with the theoretical model.

The Samoylov data set showed a lower percentage of experiments which were better fitted by
the nonlinear than by the linear model compared to the other datasets. The F-test of the
residual variances indicated that the quadratic and exponential regressions had a significantly
(P < 0.1) lower residual variance than the respective linear regressions for only 15 % and
19 % of the Samoylov experiments, respectively. Only 15 % of the exponential regressions
had a significantly lower residual variance than the linear regressions while also showing a

curvature conforming with the theoretical model.
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The F-test of the residual variances revealed that the residual variance of the linear regression
was never significantly (P < 0.1) lower than the residual variances of the nonlinear
regressions in all four datasets (data not shown). Furthermore, the residual variance of the
exponential regression was only significantly smaller than the residual variance of the
quadratic regression in less than 1 % of the experiments of all datasets (data not shown).

An F-test of the residual variances of the exponential and the NDFE function (Livingston et
al., 2006) fitted to the Linnansuo data showed that less than 1 % of 335 c(¢) curves were
significantly (P < 0.1) better fitted by the NDFE function compared to the exponential
regression function whereas 13 % of the ¢(¢) curves were significantly (P < 0.1) better fitted
by the exponential model (data not shown).

Table 3: Summary of residual analyses for the linear (lin), quadratic (qua) and exponential
(exp) regression models applied to the datasets Salmisuo, Vaisjedggi, Linnansuo and
Samoylov. Autocorrelation of the residuals was examined with the Durbin-Watson test. If
d > dy, there is statistical evidence that the residuals are not positively autocorrelated
(P <0.05). If d > dy, neither positive autocorrelation nor non-autocorrelation could be proved
(P <0.05). The D’Agostino-Pearson test was applied for checking normality of the residuals.
If Py > 0.05, no deviation from normal distribution could be detected. Goodness of fit of the
linear (lin) and nonlinear (nlin) regression curves was compared by the adjusted coefficient of
determination Rzadj, the Akaike information criterion AIC, (with small sample second order
bias correction) and an F-test checking if the residual variance of the nonlinear regressions is
smaller than that of the linear regression (P < 0.1). The percentages of the experiments of a
respective dataset which match the test conditions are given in the columns (#.: total number
of experiments in the respective dataset). Residual analyses were conducted for regression
functions without parameter restrictions. For the exponential regression, percentages for
regressions restricted to parameter combinations explainable by the theoretical model are
given in parentheses.

autocorrelation normality goodness-of-fit comparisons
test Durbin- D’Agost.- adjusted R*  Akaike Inf. F-test
Watson Pearson Criterion.
test condition d>dy d>dy Px>0.05 Rzadj(nlin) AIC¢(nlin) Var(nlin)

> R%g(lin) < AIC(lin) < Var(lin)
percentage of e (%)

Salmisuo lin 44 46 84 - - -

1 s intervals qua 67 73 86 84 77 37

(ne=542) exp 68 72 87 83 (63) 77 (58) 37 (30)

Vaisjedggi lin 10 12 87 - - -

5 s intervals qua 30 47 93 90 86 60

(n.=389) exp 30 48 92 89 (55) 86 (58) 60 (42)

Linnansuo lin 27 44 90 - - -

10 s intervals

(n.=368) qua 48 88 93 79 66 33
exp 49 88 92 78 (49) 64 (41) 36 (23)

Samoylov lin 67 92 98 - - -

45 s intervals  qua 75 100 97 70 35 15

(n.=465) exp 75 100 98 68 (43) 37 (26) 19 (15)
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5.7.2 The effect of different regression models on the flux estimates

A comparison of the initial slopes of the linear and exponential regression functions f"in(%)
and fexp(f0) by x-y scatter diagrams is shown in Fig. 4 for all investigation sites. The initial
slopes of the regression functions are directly proportional to the CO, flux at the beginning of
chamber closure Fi(fy) which is considered to be the best estimate of the undisturbed flux
before chamber closure (Eq. (20)). Considering the exponential model as more correct,
deviating values of f"in(#0) and fexp(f0) would represent a bias of the CO, flux estimate by the
linear regression approach. As illustrated in Fig. 4, f'in(fo) and f'exp(fo) partly deviated
considerably from each other, in particular for great values of the initial slopes. Mostly, the
absolute values of f"i(f9) were smaller than the absolute values of f".xp(#0), which means an
underestimation bias of the linear regression approach both for CO, uptake and CO, release
situations, which is expected by the theoretical exponential model. However, the inverse
relationship was also frequently observed, which means an overestimation bias by the linear
regression compared to the exponential regression, which indicated apparent violations of the
basic assumptions of the theoretical model. The effect of the underestimation of the absolute
values of the initial slopes increased with increasing absolute values of the initial slopes and
thus with increasing absolute values of CO, fluxes. The underestimation bias by linear
regression could be observed for all four datasets although to different degrees. The strongest
underestimation effects were found for the Linnansuo and Samoylov datasets (Figures 4C,
4D). For high absolute values of the initial slopes in these datasets, f"in(fp) could be as low as
50 % or even 20 % of the values of f"cp(%). On the other hand, the weakest effects were found
for the Vaisjedggi dataset (Fig. 4B). Also for highest absolute values of the initial slopes in
this dataset, f"iin(fo) was not below 60 % of the value of f'exy(f9). The Salmisuo dataset was
intermediate in this regard (Fig. 4A). For high absolute values of the initial slope in these
datasets, f"in(fo) was often between 40 % and 80 % of the value of f"cxp(%). Salmisuo is the
only dataset with nearly equally distributed numbers of experiments for CO, uptake and CO,
release situations. For this dataset, it could be observed that the underestimation effect of the
linear regression was on average stronger for CO, uptake situations than for CO, release

situations.
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Figure 4. Comparison of initial slopes of the linear and exponential regression curves for the
different investigation sites. A Salmisuo, B Vaisjedggi, C Linnansuo, D Samoylov. On the x-
axes, the initial slopes of the exponential regression f.'(fo) are plotted. On the y-axes, the
initial slopes of the linear regression curves fiin'(fo) are plotted. The y = x relationship is given
as solid line. As the initial slopes of the regression curves are directly proportional to the CO,
flux estimates, a deviation between fii,'(f9) and fexp'(#0) indicates a bias of the CO, flux estimate
by the application of the linear model presuming that the undisturbed CO, fluxes are better
reflected by the exponential model.

An overview of the significances of the deviations between f"iin(fo) and f"exp(%0) is given in
Tab. 4. The percentages of experiments with significant (Student’s t-test, P < 0.1) deviations
between f'in(fo) and fexp(t0) are listed separately for situations with underestimation (H1) and
overestimation (H2) by the linear regression. The absolute values of f"..(%o) were significantly
greater than the absolute values of f'in(#p) (H1 is true at P < 0.1) for 57 % of the Salmisuo
experiments, 55 % of the Vaisjedggi experiments, 42 % of the Linnasuo experiments and only
29 % of the Samoylov experiments. These portions of experiments showed that a nonlinearity

of an exponential form as predicted by the theoretical model often produced a significant
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underestimation effect of the initial slopes by linear regression. On the other hand, the
absolute values of f".xp(#0) were significantly smaller than the absolute values of f"in(fo) (H2 1s
true at P <0.1) for 19 % of the Salmisuo experiments, 30 % of the Vaisjedggi experiments, 26
% of the Linnasuo experiments and 19 % of the Samoylov experiments. These portions of
experiments were not consistent with the theoretical model because of their curvature but
showed that unexplained nonlinearity can occur and can cause a significant overestimation
effect of the initial slopes by linear regression. The absolute values of f".xp(#0) and f"in(%o) did
not deviate significantly from each other (HO could not be rejected at P < 0.1) for 24 % of the
Salmisuo experiments, 14 % of the Vaisjedggi experiments, 32 % of the Linnansuo
experiments and 52 % of the Samoylov experiments. Thus, although the nonlinearity effects
on the flux estimates of the Linnansuo and Samoylov datasets were pronounced, they were
significant for a rather small percentage of experiments compared to the Salmisuo and
Vaisjedggi datasets. On the other hand, the Vaisjedggi dataset had a high percentage of
significant effects on the flux estimates but these effects were comparatively moderate. Here,
the importance of the closure time, measurement interval length, and instrument precision

(Tab. 1) on the nonlinearity problem became obvious.

Table 4: Significance of deviations between the slope estimates at 1 = 0 as yielded by the
exponential fe,'(f0) and linear fii,'(#y) regression models. The hypothesis H1 states that the
absolute value of the initial slope of the exponential regression is greater than the absolute
value of the initial slope of the linear regression. The hypothesis H2 states that the absolute
value of the initial slope of the exponential regression is smaller than the absolute value of the
initial slope of the linear regression. The null hypothesis HO states that the absolute value of
the initial slope of the exponential regression is equal to the absolute value of the initial slope
of the linear regression. While H1 is conforming with the developed theoretical model, H2 is
not which implies the occurrence of disturbing processes not considered by the model. The
hypotheses were tested by one-tailed Student’s t-tests (P < 0.1) following Potthoff (1965,
cited in Sachs, 1992). The percentages of the experiments of a respective dataset for which the
respective hypotheses could be confirmed are given in the columns (n.: total number of
experiments in the respective dataset).

Student’s t-test of hypotheses (P <0.1)
H1: H2: HO:
[fexp'(t0)l- | fiin'(20)] > 0 | fexp'(F0)|-[ fiin'(0)] <O | fexp'(£0)|-[ fiin'(20)| = O

percentage of 7. (%)

Salmisuo (n. = 542) 57.4 18.5 242
Vaisjedggi (n. = 389) 55.3 30.3 14.4
Linnansuo (n. = 368) 42.4 25.8 31.8
Samoylov (n. = 465) 29.0 19.3 51.6
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A comparison of the initial slopes of the quadratic and the exponential regression functions
S'qua(to) and fep(fo) by x-y scatter diagrams is shown in Fig. 5 for all investigation sites. An
overview of the significances of the deviations between f"qua(t0) and f"exp(%0) 1s given in Tab. 5.
The initial slopes f"qua(f0) and f"exp(fo) differ significantly (P < 0.1) for only 5 %...9 % of the
experiments of the four datasets. However, the quadratic regression functions tended to show
lower absolute values of the initial slopes than the exponential regression functions, in
particular for situations with strong CO, uptake or release. The underestimation of the
absolute value of the initial slope of the quadratic regression compared to the exponential
regression was strongest for the Linnansuo and Samoylov datasets and lowest for the

Vaisjedggi dataset. The Salmisuo dataset was intermediate in this regard.

Table 5: Significance of deviations between the slope estimates at ¢ = 0 as yielded by the
exponential fep'(f0) and linear fqu.'(fo) regression models. The hypothesis H1 states that the
difference between the initial slopes of the exponential and quadratic regression is
significantly different from zero. The null hypothesis HO states that the difference between the
initial slopes of the exponential and quadratic regression are not significantly different from
zero. The hypotheses were tested by a two-tailed Student’s t-test (P < 0.1) following Potthoff
(1965, cited in Sachs, 1992). The percentages of the experiments of a respective dataset for
which the respective hypotheses could be confirmed are given in the columns (n.: total
number of experiments in the respective dataset).

Student’s t-test of hypotheses (P < 0.1)
HI: HO:
fexp'(to) 'fqua'(tO) 75 0 fexp'(ZO) 'fquav(tO) =0

percentage of n. (%)

Salmisuo (7. = 542) 7.2 92.8
Vaisjedggi (n. = 389) 8.7 91.3
Linnansuo (7. = 368) 7.6 92.4
Samoylov (n. = 465) 4.7 95.3

A comparison of the initial slopes of the exponential and the NDFE function proposed by
Livingston et al. (2005, 2006) f".xp(%0) and f'xpre(fo) by x-y scatter diagrams is shown in Fig. 6
for the non-vegetated peat excavation site Linnasuo. The f'xpre(fo) was generally higher as
Sflexp(t0). The steeper the fluxes and thus the initial slopes the stronger was the deviation
between fexp(f0) and f"Npre(fo). The f'Npre(fo) was often 1.5 to 3 times higher than f (%) and

in extreme cases up to 10fold higher.
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Figure 5. Comparison of initial slopes of the exponential and quadratic regression curves for
the different investigation sites. A Salmisuo, B Vaisjedggi, C Linnansuo, D Samoylov. On the
x-axes, the initial slopes of the exponential regression fey'(fo) are plotted. On the y-axes, the
initial slopes of the quadratic regression curves fqua'(fo) are plotted. The y = x relationship is
given as solid line. As the initial slopes of the regression curves are directly proportional to
the CO, flux estimates, a deviation between fqua'(f0) and foxp'(f0) indicates a bias of the CO,
flux estimate by the application of the quadratic model presuming that the undisturbed CO,
fluxes are better reflected by the exponential model.
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Figure 6. Comparison of initial slopes of the NDFE (Livingston et al., 2006) and the
exponential regression curves for the non-vegetated peat excavation site Linnansuo. On the x-
axes, the initial slopes of the NDFE regression function fxpre'(fy) are plotted. On the y-axes,
the initial slopes of the exponential regression curves fe'(fo) are plotted. The y = x
relationship is given as solid line. The NDFE curves have drastically higher initial slopes than
the exponential curves particularly for high fluxes. Notice the break in the x-axis.

5.8 Discussion

This study presents the first derivation of a theory-based model function of gas concentration
changes over time c(#) in closed chambers above vegetated land surfaces. Residual analyses
demonstrated that the developed exponential model could be significantly better fitted to the
data than the linear model even if closure times were kept short, for example two minutes as
for the Salmisuo experiments. On the other hand, application of linear regression was often
not appropriate and led to underestimation of the absolute values of the initial slope of the c(¢)
curves and thus of the CO, flux estimates. The exponential model was not significantly better
fitted than the quadratic model with respect to the residual analyses. However, the absolute
values of initial slopes of the c(?) curves were often systematically lower for the quadratic
compared to the exponential regression function. The exponential model could be better fitted
to the c(f) curves observed on the non-vegetated peat excavation site Linnansuo than the
physically most profound NDFE model function proposed by Livingston et al. (2005, 2006).
This can be explained by the probable serious violations of the underlying model assumptions
of the NDFE model, in particular by the likely leakage through the peat pore space since no
permanent collars were installed at Linnansuo. The great difference between the initial slopes
of the NDFE and the exponential model demonstrates the sensibility of CO, flux estimation to
the choice of the applied model. If applying physically based nonlinear models, violations of

model assumptions have to be minimised with great care.
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Modelling of the CO, concentration changes over time in chamber headspaces is more
complicated for vegetated surfaces than for bare soil surfaces since additional processes such
as photosynthesis and plant respiration have to be considered. The complex processes in
plants and soils had to be substantially simplified for the development of a model that is
simple enough for nonlinear regression of actual, often noisy data. Furthermore, some strong
assumptions have to be made as basis for such a model development: Soil and headspace air
temperature, photosynthetically active radiation, air pressure and headspace turbulence were
assumed to be constant and approximately equal to ambient conditions. Apparently, however,
these assumptions were not valid for all experiments. Whereas the majority of fitted c(z)
curves were consistent with the proposed theoretical model, a substantial fraction of the
experiments were not. These unexplainable curvatures are considered to have been caused by
violations of the basic assumptions of the theoretical model. The obvious violation of model
assumptions indicates that the experiment design was sub-optimal and that the reason for it
must be identified and accounted for. Otherwise, the calculated fluxes would be biased to an
unknown extent. As at least the closed chambers at Salmisuo and Vaisjedggi were
temperature-controlled by an effective cooling system, we consider the change in headspace
turbulence by the closed chamber, which is not yet covered by the theoretical model, as a
likely problematic process which could introduce nonlinearity difficult to model. An
additional reason for the unexplainable curvature could have been small positive pressure
perturbations during chamber placement (Hutchinson and Livingston, 2001). Although the
possible disturbing effects of altering turbulence or pressure conditions by closed chambers
were discussed previously by several studies (Hanson et al., 1993; Le Dantec et al., 1999,
Hutchinson et al., 2000; Livingston and Hutchinson, 2001; Denmead and Reicosky, 2003;
Reicosky, 2003; Livingston et al.,, 2006), additional investigations are certainly needed
concerning these issues.

To evaluate the validity of candidate models, we recommend the use of residual analysis
including tests for autocorrelation and normality. In particular, autocorrelation has to be
excluded for unbiased estimates of the uncertainty of regression parameters. Goodness of fit
can be evaluated by the adjusted nonlinear coefficient of determination Rzadj, the Akaike
Information Criterion AIC and by an F-test of the residual variances.

We note that the linear coefficient of determination /* was frequently misused during the
history of closed chamber measurements. The linear /* and the nonlinear R* are neither
appropriate measures of regression model correctness (often used for checking linearity) nor

appropriate filter criteria for measurement performance (Granberg et al., 2001; Huber, 2004;
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Hibbert, 2005). The expressions (1-+*) and (1-R?) are measures of the unexplained variance
normalized to the total variance. The significance of > and R” is strongly dependent on the
number of data points n which is often disregarded. In extreme cases, the > values were
calculated for only three data points and were considered as evidence of linearity when
greater than typically 0.95. However, applying the F-test to check if a R value of 0.95 for
three data points is significantly different from zero reveals an error probability P of 0.14,
which is higher than the typically used significance levels of 0.05 or 0.1. Furthermore, even
an R” value significant at the 0.05 level does not prove linearity and cannot exclude serious
bias of the flux estimates. A linear regression can show a rather high /* value of above 0.99
although significant nonlinearity can be demonstrated by more appropriate statistical methods
like the F-test for the residual variances (Huber, 2004; Hibbert, 2005). Only for comparison of
two regression functions with the same numbers of data points 7 and parameters &, 7* or R*
can give an indication which function is better suited. Moreover, > as well as R* are not
usable as filter criteria for measurement performance because they arbitrarily discriminate the
lower fluxes: 7* and R* values increase with constant unexplained variance and increasing
total variance which is inherently higher for greater fluxes (Fig. 7A). In this context, a better

filter criterion would be the standard deviation of the residuals sy (Fig. 7B).
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Figure 7. The relationships of the nonlinear coefficient of determination R* with the initial
slope fexp'(fo) of the regression function and the standard deviation of the residuals syx
exemplified by the dataset Salmisuo 2005. A: The R value is plotted against the initial slope
Jexp'(to). The use of R* as a filter criterion (e.g. R* = 0.9) would discriminate strongly the
regressions with low slope values fe\p'(fo). B: The R? value is plotted against the standard
deviation of remduals syX which is a better filter criterion for measurement performance. The
application of R* (e.g. R* = 0.9) or syx (€.g. the 95 % percentile of sy,: 0.87 ppm) as filter
criteria would identify completely different experiments as disturbed.
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The measurement interval length, the number of measurement points and the precision of the
CO; concentration measurements determine whether the nonlinearity can be detected with
sufficient statistical significance. It has to be stressed that strong nonlinearity can be present
even when it cannot be detected because of long measurement intervals, few data points or
low measurement precision.

Considering the results of this study, a list of practical recommendations for closed chamber
measurements follows:

* A nonlinear model should be favoured over a linear model to reflect the various biophysical
processes in effect and thus to better estimate the predeployment flux.

* We recommend to fit an exponential function as given in Eq. (14) to the observed c(7) curves
for experiments on vegetated soils. For experiments on non-vegetated soils, the NDFE model
function proposed by Livingston et al. (2005, 2006) should be applied. When applying the
NDFE model, however, violations of the underlying assumptions of the NDFE model, i.e. no-
leakage, must be strictly avoided.

* When adopting a nonlinear approach, investigators should employ chambers with smaller
headspace volumes and longer deployment times as warranted to emphasize the non-linearity
of the c(z) response. For vegetated soils, however, the advantages of this approach must be
carefully balanced with the risk of unpredictable plant responses due to strongly lowered CO,
concentrations or artificially high water vapour contents in the chamber headspace.

* Light, temperature and humidity conditions as well as wind speed and turbulence during
chamber closure should be as similar as possible to the ambient conditions. Changes of light,
temperature and humidity would change plant physiology and thus complicate the form of the
c(?) curve whereas artificial changes of pressure, wind and turbulence may additionally impact
transport processes and thus even compromise the assumption that the initial slope of the c(¢)
is the best estimator of the predeployment CO, flux (Hutchinson et al., 2000; Hutchinson and
Livingston, 2001).

* Generally, leaks should be avoided (Hutchinson and Livingston, 2001; Livingston et al.,
2006). If this is not possible, fitting of an exponential function would allow for better
approximation of the initial slopes of the c(¢) curves and thus for more realistic estimation of
predeployment fluxes compared to linear regression.

* High noise levels at the start of the chamber deployment due to eventual pressure or
turbulence disturbances or insufficient purging of residual gases in the analyser lines have to
be avoided since this noise would be very critical regarding the results of nonlinear

regression. If initial noise is obviously present, the data from the respective time period has to

138



be discarded, and the starting time of the experiment #, = 0 should be delayed accordingly. It
has to be stressed that this initial data discarding would lead to inherent underestimation of
fluxes because the slope of the c(#) evolution curve is expected to be greatest and changing
most strongly at the start of the chamber closure time (Hutchinson et al., 2000; Livingston et
al., 2006, this study). Still, this underestimation would be less when applying a nonlinear
model compared to the use of linear regression. Anyhow, experimental set-ups should be
improved to make an initial data discarding unnecessary. The interval of initial data
discarding must be as short as possible.

* When using the presented exponential or quadratic regression functions (number of
parameters k = 3), not less than seven data points (n > 7) should be collected over the closure
time to achieve an acceptable value for the degrees of freedom (n - k > 4). More data points
are recommended, particularly if the measurement precision is not optimal.

* The better the measurement precision and the more data points are available for the
regression, the better the nonlinearity can be detected and its significance demonstrated.
 Autocorrelation and non-normality of residuals should be checked for and can be reduced by
block-averaging to avoid biased estimations of parameters and their errors.

One scientific question for which the possible bias of closed chamber CO, flux measurements
is important is the comparison of micrometeorological eddy covariance data and chamber data
where often a considerable mismatch can be observed. Mostly, this mismatch is attributed to
methodological problems of the eddy covariance approach (e.g. Law et al., 1999; Van Gorsel
et al., 2007). While the methodological problems of the eddy covariance method are
undoubtedly real, it has to be stated that also the flux estimates by closed chambers can be
prone to significant biases and should be interpreted using much caution (see also Reicosky,
2003; Livingston et al., 2005, 20006).

The underestimation effect by linear and quadratic regression compared to exponential
regression increases with increasing absolute values of the CO, fluxes. Thus, the
underestimation of the CO, fluxes by the linear regression method not only disturbs the
quantitative but also the qualitative evaluations since differences between sites with strong
and weak CO, exchange would be smoothed. Furthermore, the effect should be dependent on
ecosystem characteristics such as soil texture, peat density, soil moisture status or vegetation
composition (Hutchinson et al., 2000; Nakano et al., 2004). Here, the uneven underestimation
bias between sites can lead to the conclusion that CO, fluxes differ greatly between sites
although, in fact, only the response to the chamber disturbance on of soil gas diffusion and

plant physiology differs.
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As the underestimation of the absolute values of the initial slope of the c(¢) curves by linear
regression was observed to be of different magnitude for CO, uptake and CO, release
situations, there is a high potential for serious bias of carbon balances which can, in extreme
cases, lead to changing of the sign, which determines an ecosystem as CO; source or sink.
This high potential for serious bias of the CO, balances is exemplified by Fig. 8 for a diurnal
cycle of CO; exchange fluxes at the flark sites of Salmisuo. The bias on the daily balance can
be very large because it is equal to the sum of integrated daytime uptake and integrated night
time release. The sum is much smaller than the two summands due to their similar magnitude
but opposing signs. If the bias of one summand is stronger than for the other summand, the
relative bias of the balance can be much more pronounced than the relative bias of the
respective summands. This high sensitivity of the CO, balance to asymmetric biases of CO,
uptake and CO, release is of major importance as closed chamber CO, flux measurements
based on linear regression are used for local, regional and global carbon budgets and for the
evaluation of the carbon source or sink characteristics of ecosystems or even vegetation zones
(e.g. Oechel et al., 1993, 1998, 2000).

In this context, we fully agree with Hutchinson et al. (2000) and Livingston et al. (2005,
2006) who emphasised that the bias of flux estimates by using linear regression for closed
chamber experiments is systematic, not random. Therefore, “although such errors are
relatively small in comparison to the temporal and spatial variability characteristic of trace gas
exchange, they bias the summary statistics for each experiment as well as larger scale trace

gas flux estimates based on them” (Hutchinson et al., 2000).
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Figure 8. Example of the effect of the different regression approaches on the estimated CO,
balance over one diurnal cycle (04/08/2005 8:45 to 05/08/205 6:05 LT) at the flark sites of
Salmisuo. The black squares indicate CO, flux estimates Fye by the linear model approach,
the white squares indicate CO, flux estimates Fye by the exponential model approach. The
error bars indicate the standard errors of the flux estimates. Simple integrations of the two
CO; flux estimate time series according to the trapezoidal rule yield carbon balances over the
21.33 h of -0.86 g CO; and -1.30 g CO, for the linear and exponential model approaches,
respectively. Thus, the estimate of CO, uptake using the exponential model is 150 % of the
estimate using the linear model!

5.9 Conclusions

* Thorough analyses of residuals demonstrate that linear regression is frequently not
appropriate for the determination of CO, fluxes by closed-chamber methods, even if closure
times are kept short.

* The coefficient of determination R* should not be used as proof of linearity. For comparing
the performance of models, goodness-of-fit measures such as the adjusted R’, the Akaike
Information Criterion or an F-test of the residual variances are recommended. Additionally,
the residuals should be checked for autocorrelation and normality to allow for unbiased
estimations of the parameters and their errors.

* The assumptions inherent in the proposed exponential model fit the majority of the
observations examined in this investigation, thus suggesting the potential value of biophysical

models in future chamber-based emissions studies.
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* However, the curvature of the nonlinear c(#) curves is for a substantial percentage of the
experiments not explainable with the proposed theoretical model. This is considered to be
caused by violations of the basic assumptions of the theoretical model. In particular, the
effects of turbulence alteration and pressure disturbances across the soil-atmosphere interface
by setting a closed chamber on the ecosystem should be investigated in more detail in the
future.

* In many cases, a quadratic model as proposed by Wagner et al. (1997) can be equally well
fitted to the data as the exponential model. However, the estimates of the absolute values of
the initial slopes of the c(¢) curves tended to be systematically lower for quadratic than the
exponential regression. This can have a considerable effect on the CO, flux estimates for
situations with strong CO, uptake or release.

* The NDFE model proposed by Livingston et al. (2005, 2006) could not be better fitted to the
c(?) observations at the bare peat site Linnansuo than the exponential function. This was
probably due to violations of the NDFE model assumptions, in particular the required non-
existence of leakage.

* Inappropriate application of linear regression can lead to serious underestimation of CO,
fluxes. Initial slopes of linear regression can be as low as 40 % of the initial slope of
exponential regression for closure times of only 2 min.

* The degree of underestimation increased with increasing CO; flux strength and is dependent
on soil and vegetation conditions which can disturb not only quantitative but also qualitative
evaluation of CO; flux dynamics.

* The underestimation effect by linear regression was observed to be different for CO, uptake
and CO; release situations which can lead to stronger bias in the daily, seasonal and annual
CO, balances than in the individual fluxes.

» The fitting of observed closed-chamber data to biophysical models in combination with
thorough statistical tests of the different models’ validities offers at least two major
advantages over the simple use of linear regression: (1.) the ability to control the quality of
observations, detect major problems of the methodology and thus to improve experimental
protocols, and (2.) improved accuracy and lower uncertainty in resultant flux estimates.

* To avoid serious bias of CO, balance estimates on the local, regional or even global scale,
we suggest further tests for biases of published flux estimates and recommend the use of

nonlinear regression models for future closed-chamber studies.
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* We developed a MATLAB® routine which can perform linear and nonlinear regression

including residual analyses for data of a wide range of chamber experiment set-ups. This

routine is available online at http://biogeo.botanik.uni-greifswald.de/index.php?id=264.

5.10 Appendix A: Symbols and Abbreviations

A
a,b,c
AIC.
B

Ca

Cd

c(?)
d

d

d

dy

D
dchamber

Dchamber
dsoil

Dsit
deldt )
&(1)
&
Ei-exp
&i-lin
Jexp
ﬁin
Jqua
Sexp
Slin
Squa
F Leak
F net
Fp
Fr
Fsoil
k
KLeak

Ky

LT
n

p
P1, P2, P3

basal area of the chamber

parameters of polynomials of different order

Akaike information criterion with small sample second order bias correction
integral constant

CO; concentration in the air outside of the chamber

CO; concentration at depth d

CO; concentration of the headspace air at time ¢

unknown depth below the surface where the CO, concentration is constant and
not influenced by the chamber deployment

Durbin-Watson test statistic

lower critical value of Durbin-Watson test

upper critical value of Durbin-Watson test

soil CO, diffusivity

distance between headspace and the surrounding air

mean diffusivity of leaks directly at the chamber components

distance between the headspace and the surrounding air via the air-filled soil
pore space

mean diffusivity of leaks by air-filled soil pore space

change of the CO, concentration over time

residual error at time ¢

residuals of the fitted model

residuals of the exponential regression

residuals of the linear regression

exponential function

linear function

quadratic function

initial slope of exponential function

initial slope of linear function

initial slope of quadratic function

CO;, flux through leaks

net CO2 flux into the chamber

CO; flux by photosynthesis

CO; flux by respiration

CO; efflux from the soil

number of parameters of the regression function

constant which combines Dchamber, @chambers Psoil, and dsoii and indicates leakage
strength

constant of proportionality between CO, concentration and photosynthesis-
associated flux

local time

number of data points of the respective experiment

air pressure

parameters of exponential model
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P significance level of tests

R ideal gas constant

I linear coefficient of determination

R’ nonlinear coefficient of determination

Rzadj adjusted nonlinear coefficient of determination
Syx standard deviation of the residuals

t time

to start time of chamber closure

T temperature

V volume of the chamber
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6.1 Abstract

Accurate determination of carbon balances in heterogeneous ecosystems often requires the
extrapolation of point based measurements. The ground resolution (pixel size) of the
extrapolation base, e.g. a land-cover map, might thus influence the calculated carbon balance,
in particular if biogeochemical hot spots are small in size. In this paper, we test the effects of
varying ground resolution on the calculated carbon balance of a boreal peatland consisting of
hummocks (dry), lawns (intermediate) and flarks (wet surfaces). The generalizations in lower
resolution imagery led to biased area estimates for individual micro-site types. While areas of
lawns and hummocks were stable below a threshold resolution of 60 ¢m, the maximum of the
flark area was located at resolutions below 25 cm and was then decreasing with coarsening
resolution. Using a resolution of 100 cm instead of 6 cm led to an overestimation of total CO,
uptake of the studied peatland area (approximately 14 600 m?) of 5 % and an underestimation
of total CH4 emission of 6 %. To accurately determine the surface area of scattered and small-
sized micro-site types in heterogeneous ecosystems (e.g. flarks in peatlands), a minimum
ground resolution appears necessary. In our case this leads to a recommended resolution of 25
cm, which can be derived by conventional airborne imagery. The usage of high resolution
imagery from commercial satellites, e.g. Quickbird, however, is likely to underestimate the
surface area of biogeochemical hot spots. It is important to note that the observed resolution
effect on the carbon balance estimates can be much stronger for other ecosystems than for the
investigated peatland. In the investigated peatland the relative hot spot area of the flarks is
very small and their hot spot characteristics with respect to CH4 and CO; fluxes is rather

modest.
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6.2 Introduction

Closed chambers have been frequently used to derive gas exchange balances between
ecosystems and the atmosphere. Usually, representative plots within the ecosystem are
selected, which cover the spatial heterogeneity of the study site. There, fluxes are measured,
and the modelled seasonal gas exchange fluxes from these plots are extrapolated to larger
areas or the whole ecosystem. Extrapolation is usually done based on the spatial
representation of each measured micro-site within the ecosystem: a modelled flux of a
particular representative micro-site is usually multiplied by the area that particular micro-site
type occupies (Schimel and Potter, 1995).

The exact spatial distribution of micro-sites is particularly important if micro-site size is small
and the ecosystem surface strongly heterogeneous, e.g. in many peatland ecosystems. Spatial
information on micro-site distribution can be obtained by rough estimation, vegetation
mapping in a smaller area e.g. Riutta et al. (2007), along transects e.g. Alm et al. (1997) and
Laine et al. (2006), or with a land-cover map of the complete area under study e.g. Bubier et
al. (2005). While the first approaches cover just a fraction of the study area and do not
necessarily represent the situation in the whole study area, this last approach promises the
most reliable spatial estimates and thus the most reliable flux extrapolation. Land-cover maps
are more applicable regarding a complete and representative coverage of heterogenous areas.
However, it depends entirely on the relationship between the ground resolution of the imagery
and the size of the micro-sites. Here, we show that ecosystem trace gas flux estimates,
especially for methane, depend significantly on the resolution of the underlying land-cover

map.

6.3 Study site

The peatland “Salmisuo” is located at 62°47 N, 30°56 E, in Eastern Finland (Fig. 1), and is
generally classified as an oligotrophic low-sedge pine fen (Saarnio et al., 1997). Climatic
conditions represent the boreal forest climate (Strahler and Strahler, 2005) with a mean annual
air temperature of +2.1 °C and a mean annual precipitation of 667 mm (years: 1971-2000 in
Finnish Meteorological Institute, 2002). The surface of the peatland consists of three main
vegetation communities, which follow the microtopography. Hummocks are elevated and
drier areas (Pinus sylvesteris, Andromeda polifolia, Sphagnum fuscum), lawns are

intermediate areas with respect to moisture conditions (Eriophorum vaginatum, Sphagnum
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balticum, Sphagnum papillosum), and flarks are wet areas (Scheuchzeria palustris, Sphagnum

balticum).

Figure 1: Location of the study site in Finland, indicated by the red point

6.4 Methods

The calculated carbon balance for this study is based on (1) plot-scale quantification of carbon
dioxide (CO,) and methane (CH4) exchange fluxes using closed chambers over 50 days, (2) a
hydrological part to estimate the lateral carbon losses by dissolved organic carbon (DOC) and

3) a remote sensing part to map the spatial distribution of micro-sites.

6.4.1 Gas flux measurements and carbon budget calculation

For this study, we analyzed CO, and CH4 emission for the time period 26 July 2005-13
September 2005 (50 days): fluxes of CO, and CH4 were measured with the closed chamber
technique (Kutzbach et al., 2007a; Saarnio et al., 1997). Sample plots have been chosen by the
three dominant types of micro-sites (flarks, lawns and hummocks). For every micro-site type
four replicate sample plots have been selected to develop micro-site emission models
covering the spatial variability within the micro-site type.

CO, and CH4 fluxes were measured once a week. The CO, measurements were performed
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over 24 h. For determination of net ecosystem CO, exchange, we employed a transparent
chamber (60 cmx60 cmx32 cm) with an automatic cooling system which kept the headspace
air temperature within approximately 1°C of the ambient temperature. The CHj flux
measurements were conducted using aluminum chambers. The CO, concentrations were
measured using a CO,/H,O infrared gas analyzer (LI-840, Licor, USA). CO; readings were
taken at 1 s intervals over 120 s. During the CH4 flux measurements, four headspace samples
were taken every 4 min from the chamber in a 16 min time period. CH4 concentration in the
syringes were analyzed one day after sampling with a gas chromatograph (Shimadzu 14A)
equipped with a flame ionisation detector. The gas fluxes were calculated from the
concentration increase in the chamber headspace over time applying nonlinear exponential
regression for CO, (Kutzbach et al., 2007a) and linear regression for CHa.

The seasonal exchange was calculated using models which have been developed for the
research site: in case of CHa4, we applied a non-linear function with peat temperature in 20 cm
depth and water table as predictor variables (Saarnio et al., 1997) and subsequently tested for
their significance. Due to insignificance of the influence of the water table we used the

following formula:

FCH4 =exp(a, +a, xT ) (D

where a; and a; are fitting parameters and T, 1S the peat temperature in 20 cm depth.

The CO; exchange fluxes were modelled by a nonlinear function of the form:

3 b, xT,, x PAR

co, = b, + PAR +b, xexp(b, xTy,) (2)

where T, is air temperature, PAR is photosynthetically active radiation and by, b,, bs and by
are fitting parameters. The first part of the equation including the parameters b; and b,
represents the control of micro-site photosysthesis (Kettunen, 2000), the second part with the
parameters bz and b4 represents the control of micro-site respiration (Kutzbach et al., 2007b).
Contrasting the results by Saarnio et al. (1997) the model did not explain the hummock
emissions significantly (Table 1). Hence hummock emission was calculated by monthly mean
emission. Finally, the modelled time series were integrated to derive the total amount emitted

over the 50-day investigation period.
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Table 1: Model characteristics of Egs. 1 and 2 where n is the number of samples, b;—b4 and a;,
a, are fitting parameters, + is the 95 % confidence interval of the fitting parameters, 1 is the
coefficient of determination and o 1s the standard deviation of the residuals.

CO,

n b, + b, + bs + ba + r? Ores
flarks 100 -1221 1.52 25470 103.76 1191  5.53 0.11  0.03 0.87*** 2482
lawns 103 -20.98 3.03 31582 131.07 7.07 3.78 016  0.03  0.85%%*  40.40

hummocks 104 -27.43 529 33674 190.78 24.02 17.06  0.10 0.04 0.77**%* 7373

CH4

n a + a + r? Ores
flarks 8 265 0.88  0.14 0.06 0.87*%*  8.62
lawns 9 223 141 0.1 0.10 0.55* 791
hummocks 8 - - - - - -

#3%%0<0.001, **p<0.01, **p<0.05

6.4.2 Dissolved organic carbon export

Dissolved organic carbon (DOC) export was calculated by multiplying daily surface runoff
with average daily DOC mass per volume concentrations (DOC); measurements were
undertaken at a ditch collecting the peatland outflow. DOC was determined by daily water
sampling and subsequent analysis of UV absorbance at 254 nm in a double beam UV/VIS
spectrophotometer. For calibration of the UV/VIS spectrophotometer, a selection of samples
was analyzed with a Shimadzu 5000-A TOC analyzer for their DOC to establish a linear
regression function between UV absorption and DOC. Discharge was measured by a sharp-
crested v-notch weir. Discharge values were logged every 15 min and subsequently integrated
to daily runoff values. The resulting daily DOC flux rates in the stream were converted to
export values per unit area (in g C/m?) through integration over time and then divided by the

catchment area size (365 000 m?).
6.4.3 Remote sensing

The remote sensing task was covered by very high resolution imagery taken from a helium
filled dirigible on 10 August 2006. The dirigible with a volume of 2 m? was capable to lift 1
kg of payload and was with its tail fins well equipped to be more stable in the air than a
balloon (Fig. 2). At the bottom of the dirigible, a camera rig was attached that held the camera

in an almost nadir position.
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Figure 2: Helium filled dirigible
with tail fins; the envelop is inflated
only by the gas pressure

To obtain the imagery, we utilized a 7 megapixel point & shot camera (Canon Powershot G6)
combined with a 2 gigabyte storage medium. This setting provided us with the ability to
obtain 100 raw data images (*.crw) per flight session with a resolution of 3072x2304 pixels
and a shooting frequency of one image per minute. The restriction of 100 images was given
by the software of the camera. The ground resolution of these imagery depends very much on
the flying height of the platform (e.g. 5 cm at a flying height of 130 m above the ground). The
total costs for the setup, including the helium, was about 1600 €.

For further processing the imagery was georectified using a grid of ground control points
(GCPs). The grid had a cell width of about 50 m, and the position of every GCP was
measured with a differential global positioning system. The average horizontal accuracy of
these measurements was 35 cm.

In order to get a reasonable amount of GCPs for georectification and at the same time a very
high ground resolution, a flying height of 150 m above the ground was chosen, offering a
ground resolution of about 6 cm and a minimum of 6 GCPs in every image.

To simulate different flying heights of the dirigible, we coarsened the ground resolution from
6 cm to 10 cm and further in steps of 5 cm up to a resolution of 100 cm. By coarsening the
resolution up to 100 cm we cover the range from very high resolution airborne imagery to
very high resolution commercial satellite imagery (e.g. QuickBird 2 (61 cm) and IKONOS 2
(100 cm)). Coarsening the resolution was done during the process of georectification in ER
Mapper Professional 7.1 of ER Mapper, using the nearest neighbor algorithm to resample the
imagery to the desired resolution. We used the nearest neighbor resampling because it is
copying actual data values of the closest datapoint to the cell in the output dataset and does
not alter the original input pixel values (Lillesand and Kiefer, 1994). Resampling of

multispectral imagery using the nearest neighbor algorithm preserves the relationship between
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the different bands of the image (Earth Resource Mapping, 2006).

The georectified imagery was classified in the next step, defining training areas with the

typical spectral characteristics of the micro-site types and using a supervised classification

with the maximum likelihood algorithm in ER Mapper 7.1 to search for all other pixels with

similar spectral characteristics (Lillesand and Kiefer, 1994). The resulting land cover map

(Fig. 3) was vectorized, using the Raster-To-Polygon function with the option No Simplify in

ArcGIS of ESRI (ESRI, 2004) to assure that the polylines of the output polygone conformed

to the input raster’s cell edge. Vectorization was necessary to determine the object size of a

single object or the mean object size of the different micro-site types. Furthermore, we

calculated total area and average size of each micro-site type for each resolution (Fig. 4).
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Figure 3: Result of the maximum

likelihood classification at a
ground resolution of 6 cm;
green=flarks, beige=lawns,
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gray=shadow,
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trees; data are presented in
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Figure 4: Estimated total areas for

flarks, lawns and hummocks
at a stepwise coarsened
ground resolution from 6
cm to 100 cm. The size of
micro-sites is changing on a
wide amplitude with
changing resolution. Note
different y-axes for
hummocks/lawns and flarks,
respectively.
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The overall accuracy of the classification result is ca. 84 %. The accuracy assessment was
conducted using a subset of a vegetation survey done in July 2005 at the covered GCPs (n=6)
and within the covered frames for gas measurements (n=12).

To identify possible thresholds for the detection of large changes in the calculated area during
the coarsening process and thus reasonable object sizes at the particular resolution (Fig. 5), we
used the moving split window analysis (MSWA) e.g. Webster and Wong (1969). A four-
sample window width was applied to find possible thresholds while coarsening the ground
resolution. For every half of the window the arithmetic mean of the area was calculated and
the difference between halves determined. The window was moved sequentially through the
data to achieve statistical comparison for the entire data set. Using the moving split window, a
change of the observed attribute is indicated by maximum values in the graphs (Johnston et
al., 1992). The calculation of the coverage of different micro-site types at a given resolution
was possible due to the vectorization of the classification output. The vectorization allows to
seperate objects of the same classes from each other and the calculation of spatial coverage

for every object.

6.5 Results

Highest obtained ground resolution was 6 cm and subsequent coarsening resulted in 20 area
estimates (Fig. 4) for each micro-site type. Flark area was unstable above a threshold of 25 cm
from where it decreased with coarsening resolution (loss of 54 % between 6 cm and 100 cm)
with the exception of the resolution between 55 cm and 80 cm, were values for flarks varied
by up to 370 %. Area of lawns and hummocks were unstable at a threshold of 60 cm and
above. Below the mentioned thresholds the values varied around 7250 m? (£10%) for
hummocks/lawns and around 240 m? (+20%) for flarks, respectively. Hence we called the
range below the thresholds “stable” (Fig. 4). This observation was confirmed by the result of
the MSWA, where the peaks indicated possible thresholds at 25 cm and 65 cm (Fig. 5) for

either flarks or lawns and hummocks.
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Coarser resolutions resulted in a linear increase of hummocks and a concurrent decrease in
lawns (21 % change between 6 cm and 100 cm). The large fluctuation in the class of flarks
between a resolution of 55 cm and 80 cm is showing the unreliability of the data at these
resolution. In comparison to these uncertainties, Fig. 5 is showing a threshold for the class of
flarks at a resolution of 60 cm. Due to the small contribution of flarks to the total area,
estimates of lawns and hummocks behave nearly as mirror images of each other (Fig. 4). The
amount of single objects in the classes of lawns and hummocks and their close spatial
relationship is causing a give-and-take between these two classes at their common border.
Hence the spatial representation of the two major classes depend on each other and a changing
of much smaller classes has no substantial effect.

Seasonal gas fluxes differed between micro-site types (Table 2) with flarks emitting the most
CH,4 per area and hummocks taking up most of the CO, per area. Seasonal DOC export was
calculated as 0.09£0.02 g C/m’, representing only 0.23 % of the seasonal carbon balance.
Taken together, the generalizations in lower resolution imagery led to biased area estimates
for the individual micro-site types (Fig. 4), and thus at a resolution of 100 cm to an
overestimation of total CO, uptake of 5.2 % (Fig. 6a) and an underestimation of total CHy4

emission of 6.2 % (Fig. 6b).
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Table 2: Seasonal gas fluxes of CH4-C and CO,-C for every micro-site type (+ as the 95 %
confidence interval), estimated from closed chamber measurements; the DOC value is an
estimate for the complete catchment

flarks lawns hummocks
CH4-C 3.71 £ 0.06 g/m? 1.65+0.04 g/m? 0.85+0.02 g/m?
CO,-C -13.82 £ 0.28 g/m? -36.33 £ 0.50 g/m? -43.95 £0.79 g/m?
DOC export flux 0.09+0.02 g C/m?

The accuracy of spatial gas flux estimations in this approach is highly related to the ground
resolution of the imagery used for the classification. Due to stronger generalization at a
smaller scale the loss of small objects is increasing by coarsening the pixel size. For every
micro-site the lowest possible detection threshold, indicated by the peak, is located at a
ground resolution of 25 cm. The next possible threshold for every micro-site is at a ground

resolution of 60 cm.
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6.6 Discussion

The underestimation of CH4 fluxes at lower resolution, caused by the underestimated area of
flarks and lawns, leads to a conservative approximation of the CH4 fluxes in the particular
area. Using a ground resolution of 100 cm the net ecosystem carbon uptake is overestimated
by 2.13 g/m* (5.5 %) in the sample area, compared to the highest resolution of 6 cm. Using
land-cover maps with even lower resolutions (Takeuchi et al., 2003), would very likely
increase this effect.

The fluctuation of the values in Fig. 4 is very likely the effect of a changing pixel pattern
when resampling the imagery. Furthermore, the selection of the training area for the algorithm
and the variety of pixel values within this area adds fluctuations to the graphs. The effect that
the area estimates of lawns and hummocks behave nearly as mirror images of each other (Fig.
4) is (1) related to the relatively small contribution of flarks to the area and (2) probably also
related to the resampling and classification method.

As shown in Fig. 4, the total area of individual micro-site types, depending entirely on the size
and number of the associated polygones, is altered with changing resolution. On the one hand
this is caused by the generalization of details from high to lower resolution data (Jensen,
2000). On the other hand it is more difficult to identify smaller objects at lower resolutions,
leading to errors during the classification process (Markham and Townshend, 1981). It is also
possible, that the classification result is influenced by the data distribution, considering that
the maximum likelihood algorithm assumes a normal distribution of the band data (Leica
Geosystems GIS and Mapping, 2003).

The result of the MSWA indicates possible thresholds for the resolution of the imagery (Fig.
5). To achieve reasonable classification results in a peatland like Salmisuo a ground resolution
of 25 cm is recommended to analyze small micro-sites (e.g. flarks). To analyze micro-sites as
lawns and hummocks a ground resolution of 60 cm seems to be adequate. Both thresholds
show that very high satellite imagery still tends to misjudge the distribution of the micro-sites

(plant communities) in small patterned peatlands.

6.7 Conclusions

We show that based on differing ground resolution of the land-cover map, substantially
different areas for individual micro-site types are calculated. This influences the calculation of
the carbon balance, since gas fluxes between the ecosystem and the atmosphere are measured
at representative spots of each micro-site type and then multiplied by the micro-site area. In

particular small micro-sites, which are often biogeochemical hot-spots, (e.g. wet areas
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emitting CHy), tend to be affected. In our field site, a ground resolution of 25 cm appears to be
necessary for the detection of these biogeochemical hot-spots with respect to CH4 emission. A
resolution of 60 cm appears sufficient for a representative detection of larger micro-site types

as well as with respect to CO, fluxes for all micro-sites types.
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7. Synthesis and Conclusions

To broaden our current understanding of the CO, exchange between boreal peatlands and the
atmosphere it is necessary to investigate the temporal and spatial variability of CO, fluxes and
to study the exchange processes and the driving factors on different scales. It is important to
detect the possible sources of errors of the measurement and upscaling techniques, as they are
as important as the data value themselves, and to develop methods for minimising the data
uncertainty. For future predictions, the knowledge of recent CO, exchange from in situ
measurements should be incorporated into models.

In this study the closed chamber technique was used for measurements of the CO, fluxes on
the microform scale. As any measurement method, the closed chamber technique is subject to
systematic and sampling errors. In this study the major known error sources (see Chapter 1)
were considered and minimised by careful experiment planning and conduction, and chamber
design.

Apart from the CO, measurement itself, the calculation of the CO, fluxes from the
concentration change in the chamber headspace over time is a very important step in
estimation of CO, fluxes between ecosystems and atmosphere. Chapter 5 explores the
question if the linear or nonlinear regression is more suitable for the estimation of CO, fluxes.
It was proven that the linear regression was not appropriate for estimation of CO, fluxes using
the closed chamber method as it leads to a systematic underestimation of CO, fluxes. To
avoid serious bias in CO; flux estimates based on closed chamber measurements, the use of
nonlinear exponential regression models is recommended.

The measured CO, fluxes are usually used for modelling of daily, seasonal and annual CO,
exchange. To capture the diurnal variation of CO, fluxes as exactly as possible, also nighttime
measurements were conducted in this study. It is widely known that the eddy covariance
technique is problematic during low-turbulence nighttime conditions (Goulden et al., 1996).
One goal of this study was to investigate if also the closed chamber measurements could be
biased during such atmospheric conditions (Chapter 2). The main finding is that it is
necessary to carefully check all nighttime chamber measurements with respect to prevailing
turbulence conditions as their results can be seriously biased. To get reliable information on
CO, respiration fluxes during nighttime low-turbulence conditions, CO, gradient
measurements above and under the peat surface for estimation of the CO, fluxes during calm

night conditions are recommended. Methods for correcting CO, nighttime fluxes measured by
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the closed-chamber approach have to be developed for unbiased estimations of respiratory
CO; fluxes.

In Chapter 3 and 4 another methodological problem of the chamber measurements was
pointed out. The material which was used for the building of the chambers might suppress the
photosynthetic activity of plants within the chamber and might be a source of error. Although
an approach was developed for the seasonal modelling of NEE not disturbed by a chamber,
still more research is needed on the influence of the chamber material on the measured CO,
fluxes.

Each of the three potential errors described above are unevenly distributed between CO,
uptake and CO, release: the underestimation of CO, fluxes by using the linear regression was
proven to be stronger for CO, uptake than for CO; release, the overestimation of CO, fluxes
in low-turbulence conditions occur more often during nighttime than during daytime, the
characteristics of the chamber material are likely to have stronger influence on CO, uptake.
This uneven distribution of potential errors can cause serious bias in carbon balances.

Using the approaches and recommendations developed in this study as described above did
not only minimise the uncertainties in CO, flux estimates on microform scale but also in
carbon balances on ecosystem scale.

The environmental control parameters of CO, exchange between ecosystems and atmosphere
differ at different scales. A better understanding of the processes and the environmental
factors that control the CO, exchange improves not only the data-based modelling of the CO,
fluxes but also the mechanistic ecosystem models. Chapter 3 focuses on the processes and
driving factors at the microform and mesoform scale and describes the spatial and temporal
variability of CO, fluxes.

As already described in other peatland studies, the air temperature and PAR were the
dominant control parameters on NEE dynamics at all micro- and mesoforms of Ust-Pojeg
peatland. The NEE fluxes of different microforms varied between strong CO; sinks and
strong CO, sources over the investigated period. The differences in CO, fluxes between
microforms might be explained by differences in green area index (GAIl) and water table
depth. The correlations between driving parameters and CO, fluxes are complex as are the
interactions between the environmental controls. A very high water table level (WTL) slows
down the photosynthesis as well as a low WTL. The high WTL can slow down the
photosynthetic activity of Sphagnum mosses (Wallen et al., 1988). The low WTL leads to
surface dryness and reduction of photosynthesis of both the vascular plants and Sphagnum
mosses (Arneth et al., 2002), additionally, it leads to an increase in ecosystem respiration due
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to increased decomposition (Silvola et al., 1996). A higher GAI does not automatically lead to
higher CO, uptake as the photosynthetic activity is strongly species-dependent. On the other
hand, GAI can explain the variability in CO, fluxes within one microform type, as this was
the only driving parameter which was different between the replicate plots when WTL and
vegetation composition were similar.

Also on the mesoform scale, the differences in CO, fluxes were strong; the minerogenous part
was a CO; sink and the ombrogenous part a CO, source. Although the minerogenous and
ombrogenous parts of the Ust-Pojeg peatland are located close to each other, the differences
in pH, C/N values and in water table depth were substantial and might have been the reasons
for the differences in CO; fluxes between these mesoforms.

This study reports the measurement results of one growing season. To deepen the knowledge
of the complex nature of the above described interactions and to detect the differences in the
CO; exchange processes between Russian boreal peatlands and those in North-America and
Scandinavia and to better predict the future CO, exchange, it is recommended to conduct
long-term studies on CO, exchange in Russia.

Peatlands are recognised to be hierarchical complex systems. The CO, fluxes, the underlying
processes and the forcing variables differ at different scales. In this study, different methods
were used to estimate the CO; fluxes from the same study site at microform and ecosystem
scale (Chapter 4). Each method provides consistent results on the scale it was developed for.
When comparing the results of both methods at ecosystem scale, they indicate a substantial
discrepancy between the flux estimated from EC data and estimates obtained by upscaling
from chamber measurements. This strong difference between the CO, budgets calls for
intensified search for biases in both measurement and upscaling approaches. As described
above, the known potential errors of the closed chamber and EC techniques were considered
and reduced. The upscaling methods used in this study do not account for the nonlinear
respond of CO, fluxes to spatial variations in the driving variables. As it was not possible to
classify land cover on the microform level of detail, the microform distribution within the
land cover class was used for upscaling. It was assumed that the microforms were evenly
distributed within the class. These potential errors might have led to discrepancies between
the NEE fluxes derived from upscaling the chamber measurements and those measured by
eddy covariance measurements.

This study demonstrates the importance of spatial ground resolution of the land cover imagery
for the accurate upscaling of CO, fluxes (Chapter 4 and 6). To accurately determine the

surface area of small-sized microforms as e.g. hollows in a peatland, a ground resolution 25
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cm is recommended. The usage of high resolution imagery from QuickBird satellite is likely
to underestimate the surface area of small-sized microforms, but the GeoEye-1 satellite
images or aerial images could meet the needed ground resolution. Another conclusion of this
study is that it might be more sufficient to base the upscaling methods not on the microform
distribution but on the leaf area index or biomass classes or on a combination of these
parameters as the variability in CO, fluxes within one microform type could be mainly
explained by differences in GAI. These values can be also evaluated from high resolution
satellite images.

Additionally to in situ measurements, models of vegetation dynamics and land-atmosphere
carbon and water exchange are used to study ecosystems and their recent CO, exchange and
to predict the future vegetation distribution and CO, exchange. In situ measurements are then
often used to evaluate the model. In this study (Chapter 4), high discrepancies were observed
between monthly NEE simulated by the LPJ-GUESS model and observed from the EC
measurements. There is a number of sources of model uncertainty and error that could also
have contributed to these large discrepancies. Model errors are usually caused by an
incomplete understanding of biospheric responses to climate forcing across time scales
(Mahecha et al., 2010) or of biospheric responses to soil characteristics. The quality of the
forcing data itself is of vital importance. Furthermore, soil carbon characteristics should be
included for model initialisation.

It might happen that even the next generation ecosystem models will not be able to reproduce
the heterogeneity in vegetation, hydrology and nutrient supply of a peatland, but it will be
possible to model the properties and hence the carbon fluxes of different microform types. So
if we would like to model the recent and future carbon budgets of a peatland it might be an
alternative to couple these microform models with the microform distribution of the peatland
of interest to obtain more realistic results.

This study shows that further research is needed on origin of biases in measurement and

upscaling techniques at different scales and on methods how to account for these biases.
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