
Carbon dioxide exchange fluxes of a boreal peatland
over a complete growing season, Komi Republic, NW Russia

Julia Schneider • Lars Kutzbach •

Martin Wilmking

Received: 8 July 2010 / Accepted: 18 November 2011 / Published online: 30 November 2011

� Springer Science+Business Media B.V. 2011

Abstract The carbon pool of peatlands has been

considered as potentially unstable in a changing climate.

This study is the first presenting carbon dioxide (CO2)

net ecosystem exchange, CO2 efflux due to ecosystem

respiration and CO2 uptake by gross primary production

over a complete growing season for different micro-

forms of a boreal peatland in Russia (61�560N, 50�130E).

CO2 fluxes were measured using the closed chamber

technique from the 25th April in the period of snow melt

until the end of the vegetation period and the first frost on

the 20th October 2008 at seven different microform

types: minerogenous and ombrogenous hollows, lawns

and hummocks, respectively, and Carex lawns situated

in a transition zone between minerogenous and ombr-

ogenous mire parts. The total number of chamber flux

measurements was 5,517. Ombrogenous hummocks

and lawns were sources of CO2 over the investigation

period whereas hollows and minerogenous lawns were

CO2 sinks. Some plots of Carex lawns and mineroge-

nous hummocks were sinks while other plots of these

microform types were sources. The CO2 fluxes were

characterised by large variability not only between the

microform types but also within the respective micro-

form types. Of all microform types, the Carex, ombr-

ogenous, and minerogenous lawns showed the highest

variability in CO2 fluxes, which is probably related to a

stronger within-microform heterogeneity in vegetation

composition and coverage as well as in the water table

level. Air temperature was one of the dominant controls

on the CO2 flux dynamics. Water table and green area

index were found to have strong influence on CO2 fluxes

both within different patches of the same microform

type as well as between different microforms.

Keywords CO2 � Net ecosystem exchange �
Photosynthesis � Respiration � Boreal peatland

ecosystem � Microform � Vegetation composition �
Water table � Leaf area index � Spatial variation �
Russia

Introduction

Peatlands are well known to be a long-term sink for

atmospheric carbon dioxide (CO2), but the CO2 fluxes

could be substantially altered in a changing climate,

and peatlands may become a source of atmospheric

carbon (Gorham 1991; Schreader et al. 1998; Aurela

et al. 2002). Recently, boreal peatlands have been

subject to many speculations regarding climate

change effects and greenhouse gas exchange. Some

boreal peatlands were shown to be sinks of atmo-

spheric CO2 (Shurpali et al. 1995; Alm et al. 1999;
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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 CO2

fluxes have been conducted in the boreal zone of North

America (e.g. Schreader et 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), but

hardly any in boreal Russia. 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. The carbon sink

strength of the Siberian peatlands is probably compa-

rable to those of old pine forests (Valentini et al. 2000).

However, still little scientific evidence based on

measurements is available from peatland ecosystems

of this region. The CO2 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 of 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 main objectives of this study were: (1) to

investigate the seasonal dynamics of the CO2 fluxes at

various microforms of a boreal peatland in the rarely

investigated European part of northern Russia

(61�560N, 50�130E) and (2) to identify the principal

environmental control mechanisms of the CO2

exchange between the peatland and the atmosphere.

The collected data were used (3) to calculate an annual

budget of the CO2 fluxes for the investigation area and

(4) to compare the results of two different methods for

modelling CO2 net ecosystem exchange.

Methods

Study site

The study site is the boreal peatland complex

Ust-Pojeg (61�560N, 50�130E) and is located in east

European Russia northwest of Syktyvkar, the capital

of the Komi Republic (Fig. 1), and about 1,000 km

northeast from Moscow. The climate is boreal conti-

nental and all-year humid with maximum precipitation

in summer. The Syktyvkar meteorological station

(61�400N, 50�510E) 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 temper-

ature exceeds 5�C) is 157 days (RWS 2009). Figure 2

presents the monthly mean temperatures (A) and

monthly precipitation sums (B) for the investigation

period in 2008 at the investigation site Ust-Pojeg and

in Syktyvkar, and the long-term averages for the

period of 1999–2008 in Syktyvkar.

The Ust-Pojeg peatland is composed of ombroge-

nous bog areas and minerogenous, though oligo-

trophic, fen areas. Within the peatland, we defined an

intensive study area which was a circular area with a

diameter of 600 m with a meteorological station

placed in the centre. The intensive study site area

was comprised 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

study area 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 Scheuch-

zeria palustris and Carex limosa. The vegetation of

lawns, intermediate microforms with respect to water

level, consists of a mixture of species growing at

hummocks and hollows. The differences in the

nutrient conditions of the fen and bog part are

indicated by the occurrence of Menyanthes trifoliata

and Utricularia intermedia in the fen part of the

investigation area. The transition zone between the fen

and bog part is characterised by Carex rostrata lawns

and ombrogenous lawns. A detailed description of the

vegetation characteristics and water table depth is

given in the Appendix (see Table 4). Average peat

depth is about 2 m.
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Experimental setup

CO2 exchange was measured four times per week from

23rd April to 20th October 2008 applying a closed

chamber approach. To capture the diurnal variation in

CO2 fluxes, 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 measure-

ments were conducted during daytime. In total, 5,517

closed-chamber measurements were performed.

18 measurement plots were established within the

intensive study site at 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 considering vegetation

composition and position in the microrelief. 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 close

as possible to each other because heavy, bulky

equipment was used for the measurements. At each

measurement plot, a permanent collar was installed at

least two weeks before the start of the chamber

measurements. The insertion depth of the collars was

15–40 cm, depending on the average water table

depth. Elevated boardwalks were built to prevent

disturbance of the plant cover and peat during the

measurements. The soil temperature was measured at

depths of 5, 10, 20 and 40 cm with sampling intervals

of 30 min (HOBO U12, HOBO, USA). In the

ombrogenous part of the peatland, each sampling plot

was equipped with a soil temperature logger, in the

transition zone one logger was installed and in the

minerogenous part two loggers per microform type

were installed. The depth of ground water near the

collars was measured manually on each sampling day

at each measurement plot, with one exception: plots 7

and 8 shared one well. The measurement was

conducted using the bubble tube. The length of the

plastic tubing was marked in centimetres and lowered

Fig. 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 by

QuickBird� DigitalGlobeTM, distributed by Eurimage/Pöyry

Environment Oy
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down the well during the measurement. Contact with

the standing water is distinguished by blowing into the

tube and listening for the sound of bubbles. Photo-

synthetically 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 (u*) 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 thoroughly described by

Wilson et al. (2007). The green leaf area index of

vascular plants (GAIvasc) was calculated as a product

of the leaf size and number of green leaves in plots of

dimensions 60 9 60 cm 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 9 10 cm) in each plot were marked, and

the leaves were counted only in for these sub-plots.

Species which show large seasonal dynamics in leaf

size, e.g. sedges, were measured non-destructively

with a tape measure on five marked shoots outside of

the plots. Species which have a relatively stable leaf

size during the whole growing season, e.g. shrubs,

were measured only once during summer. The

seasonal development of GAIvasc was unimodal and

approximately Gaussian-like-distributed with clearly

defined maxima. For modelling of the GAIvasc over

the season, we fitted a Gaussian-type function to the

measured data. The green leaf area of mosses

(GAImoss) was estimated as the projection coverage

of living moss capitula which was about 0.75 m2 m-2.

This estimated moss cover was assumed to be constant

over the growing season. GAI was calculated as a sum

of GAIvasc and GAImoss and was used as an explan-

atory variable for modelling the CO2 fluxes.

The effective temperature sum index (ETI) was

used to describe the thermal characteristics of the

investigated area and was calculated by dividing the

cumulative effective temperature sum by the number

of days (d) counted from 1st of April as follows (Alm

et al. 1997, 1999):

ETI(dÞ ¼

Pd

i¼1

Ti � Ttð Þ

d
ð1Þ

where, Ti is the mean daily air temperature on day

number i, and Tt is the daily mean temperature

threshold of 5�C.

CO2 flux measurements

The closed chamber technique was applied to deter-

mine the CO2 net ecosystem exchange (NEE), the CO2

efflux due to ecosystem respiration (Reco) and the CO2

uptake by gross primary production (GPP). NEE was

measured using a transparent chamber (60 9 60 9

32 cm) made of polycarbonate sheets with a thickness

of 1.5 mm. For Reco 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
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Fig. 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 index (ETI) for 2008 at

Ust-Pojeg peatland (see Eq. 1 and the text for explanation)
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ambient temperature by an automatic cooling system

using ice water as coolant. A PAR sensor (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. 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 CO2 concentrations were measured

using a CO2/H2O infrared gas analyzer (LI-840, Licor,

USA). CO2 readings were taken at 1 s intervals over

180 s. The data was recorded using a data logger

(CR850, Campbell Scientific, USA). The CO2 flux

was calculated from the change in CO2 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 curvature of the

nonlinear curves was not explainable by the theoret-

ical model presented in Kutzbach et al. (2007b), the

slope of a linear regression line was used for estimat-

ing the flux.

Screening and modelling of CO2 fluxes

It was shown previously that measurements of CO2

fluxes by the closed chamber method can be dis-

turbed during low atmospheric turbulence conditions

(Schneider et al. 2009). In order to exclude data

disturbed by low atmospheric turbulence from further

analyses, we used a friction velocity threshold of

0.1 m s-1 for screening the data. For modelling of the

seasonal CO2 fluxes 265 measurements conducted

during calm night conditions (u* \ 0.1 m s-1,

PAR B 10 lmol m-2s-1) were rejected.

For modelling of CO2 fluxes, models based

on photosynthetically active radiation (PAR in

lmol m-2s-1), air temperature (T in �C), water table

depth (WT in cm) and GAI (in m2 m-2) or ETI as

explanatory variables were used. To analyse the

differences between microform types but also between

different plots of one microform type, each measure-

ment plot was modelled separately. The data sets of

individual sample plots were large enough to obtain

acceptable models. NEE was empirically modelled

using the following functional forms:

NEE ¼ GPPþ Reco

¼ P1 � GAI� PAR

PARþ k1

þ a1 � exp ðb1 � TÞ
� exp ðc1 �WTÞ ð2Þ

or

NEE ¼ GPPþ Reco

¼ P1 � ETI� PAR

PAR þ k1

þ a1 � exp ðb1 � TÞ
� exp ðc1 �WTÞ: ð3Þ

Furthermore, we performed a separate modelling of

Reco and gross primary production (GPP). Reco fluxes

were related to air temperature and water tables

following Larmola et al. (2004):

Reco ¼ a2 � exp ðb2 � TÞ=ð1þ exp ð�ðWT� uÞ=sÞÞ
ð4Þ

or following Alm et al. (1997) when the data range was

not appropriate for fitting Eq. 4:

Reco ¼ a2 � exp ðb2 � TÞ � exp ðc2 �WTÞ: ð5Þ
For an estimate of GPP, values of measured Reco

fluxes were subtracted from values of measured NEE

fluxes measured directly before the Reco measurement.

These estimated values for GPP were used for

modelling GPP over the investigation period using

the modified rectangular hyperbola function intro-

duced by Kettunen (2000):

GPP =
P2 � T � GAI� PAR

PAR + k2

ð6Þ

or

GPP =
P2 � T � ETI� PAR

PAR + k2

ð7Þ

where, P1, k1, a1, b2, c1, a2, b2, c2, u, s, P2 and k2 are

fitting parameters.

In this study, NEE is defined negative when the

absolute value of GPP exceeds the absolute value of

Reco and there is a net removal of carbon dioxide from

the atmosphere. NEE is defined positive when the

absolute value of Reco exceeds the absolute value of

GPP and carbon dioxide is released to the atmosphere.

Hence, GPP and carbon dioxide uptake were defined
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as a negative flux and Reco 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.

The modelling of the seasonal time series of NEE and

GPP not disturbed by a chamber was a two-step

procedure which involves the derivation of the model

parameters using the PAR measured in the chamber

during the employment of the chamber and the

modelling of NEE and GPP time series over the

growing season using the derived model parameters

and the half-hourly mean PAR values measured at the

weather station as input variables.

PAR variation during the chamber employment

period can have disturbing effects on the CO2 concen-

tration-over-time curves which were used for the flux

calculation. As such strongly disturbed concentration-

over-time curves show pronounced autocorrelation of

the residuals of the exponential fit function, these

disturbed chamber experiments were filtered out using

a threshold for residual autocorrelation as indicated by

the Durbin–Watson test (dL).

NEE, Reco and GPP fluxes were modelled over the

complete investigation period to investigate the princi-

pal environmental control mechanisms of the CO2

exchange. To test whether the NEE results depend on

the approach used for the estimation, we compared two

methods of modelling the NEE time series: (1) by

applying the empirical models derived from fitting Eq. 2

or 3 directly to the NEE measurement data and (2) by

calculating the NEE time series from the sums of the

modelled values of Reco and GPP derived from fitting

Eqs. 4 and 5 to the Reco measurements and Eqs. 6 and 7

to the GPP estimates, respectively. 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).

To compare the results of different NEE estimation

methods, we compared the measured NEE fluxes

(NEEmeas) and NEE fluxes derived by the two models

(NEEmod-1, NEEmod-2) using the Willmott index of

agreement, dW (Willmott 1982; Yurova et al. 2007).

dw ¼ 1�
XN

i¼1

ðMi � OiÞ2=
XN

i¼1

ðjM 0

ij þ jO
0

ijÞ
2

" #

;

ð8Þ

where, M
0

i = Mi - Ō, O
0

i = Oi - Ō, M—modeled

values (NEEmod-1 or NEEmod-2) and O—observed

values (NEEmeas). Ō is the mean of observed values.

The Willmott index dW varies between 0 and 1, with

dW = 1 indicating a perfect match.

For calculating the intensive study site’s overall CO2

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 sur-

rounding 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.

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
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upscaled CO2 fluxes, and we used the method of

maximum error estimation.

In order to estimate the uncertainty of the upscaled

fluxes (dF), we used the formula:

dF ¼
XN

i¼1

Ai � dFi þ Fij j � dAi; ð9Þ

where, Fi is the mean NEE flux of the different

microform types and dFi is the uncertainty of the mean

NEE flux. Ai is the mean relative coverage of the

different microform types within the area of interest

and dAi is the uncertainty of the coverage estimation.

Results

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

25th May and continued until 7th October. The length

of the growing season 2008 was accordingly 154 days.

The highest mean daily temperatures (25–31�C) were

recorded between 21st and 26th June and 18th and

23rd 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 15th

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. Under-

ground ice was present until around the 29th April.

August was exceptionally wet; the precipitation was

nearly as high as the sum of 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, evapotranspiration and lateral flow

of ground water kept the water table in continuous

change (Fig. 4). The temporal range of water table at

the individual measurement plots was 19–23 cm. The

average, maximum and minimum water table depths

are shown in Table 4 in appendix.

The seasonal development of the effective temper-

ature index is shown in Fig. 2c. 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; an earlier increase of GAI in spring 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. 5). At all sites, the GAI reached its

maximum in August, but the maximum values varied

considerably. Highest maximum GAI values

(3.5 m2 m-2) occurred at minerogenous hollow sites;

lowest GAI values (0.3 m2 m-2) occurred at ombr-

ogenous hummock sites (Table 4 in appendix).

Measured CO2 fluxes

The highest maximum values of CO2 net uptake were

measured at minerogenous lawns, followed by Carex

lawns, minerogenous hummocks and hollows (Fig. 6).

Microforms in the ombrogenous part of the peatland

were characterised by lower maximum values of CO2

net uptake than in the minerogenous part. The highest

maximum values of CO2 net release were found at
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Carex lawn sites, followed by minerogenous and

ombrogenous hummocks, while the lowest maximum

values of CO2 net release were observed at minerog-

enous hollow sites.

Seasonal patterns of NEE were well expressed at all

microforms; however, they considerably differed

between microform types (Fig. 6). At hollow sites,

daytime Reco exceeded the photosynthetic activity until

around 6th June resulting in net CO2 release even

during the day. Hummocks behaved differently: the

photosynthetic activity was higher than daytime res-

piration from the beginning of the measurement period

resulting in CO2 net uptake during the daytime. CO2

net uptake increased to its maximum between 23rd July

and 10th August, following the seasonal GAI devel-

opment. From the 5th September, the daytime respi-

ration 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.

Clear differences in daytime Reco were found

between the microform types. The highest maximum

Reco fluxes during the day were observed at minerog-

enous hummocks and ombrogenous lawns, followed by

Carex lawns and ombrogenous hummocks (Fig. 7).

Highest Reco fluxes occurred at all microforms in July

and August. At all microforms except hummocks, the

respiration rates were higher in autumn (September–

October) than in spring (April–May). The highest

maximum GPP values were observed at minerogenous

lawns, followed by Carex lawns and minerogenous

hummocks (Fig. 8). In general, minerogenous micro-

form types had higher GPP than the analogous ombr-

ogenous microform types. The annual peak in GPP

occurred at all microforms during July and August.

Environmental controls on NEE, Reco and GPP

and modelling the carbon balance

Air temperature was one of the dominant controls on

NEE dynamics. A model composed of an air temper-

ature- and GAI-dependent light saturation function

and an exponential function to reflect the dependency

of Reco 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 5

in appendix. We observed different patterns in model

performance when modelling NEE depending on if

ETI or GAI was used for modelling. Models including

ETI had a better performance for NEE at hummock

and two of the Carex lawns; models including GAI

performed better for NEE at all other microform types.

Implementing an additional exponential term in the

NEE model to reflect the dependency of Reco on water

table depth considerably improved the modelling

results. Modelling of seasonal and daily variations in

NEE fluxes was more successful at hollows as

indicated by higher coefficients of determination than

at hummocks (Table 2).

Regressions between Reco and either water table or

air temperature show that both environmental factors

were important in explaining Reco (Fig. 9). The

corresponding modelled time series Reco fluxes are

shown in Fig. 7. We observed differences in the

strength of the statistical relationship between air

temperature and Reco: hummocks were characterised

by stronger relationships than lawns and hollows. The

relationships between water table depth and Reco were

characterised by the same pattern. At all microforms,

decreasing water table depth caused increasing respi-

ration values. The effect of WT on Reco had a sigmoid

form at all hummock sites and ombrogenous lawns

and at two Carex lawns; it was exponential at all

hollow sites and minerogenous lawns and at one Carex

lawn site where the range of water table depths was

probably not sufficient for the fitting of a sigmoidal
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function (Fig. 9). The seasonal and daily variations in

Reco were best modelled for hummocks and lawns

followed by hollows (Table 6 in appendix).

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.

In terms of ETI and GAI, we observed a similar

pattern as in modelling NEE fluxes: ETI had a better

performance at hummocks and two of the Carex

lawns, additionally at one ombrogenous hollow and

minerogenous lawn. An implementation of the water

table depth into GPP models did not improved the

modelling results (results not shown). The GPP fluxes

were best modelled for minerogenous lawns, followed
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Fig. 6 Seasonal patterns of NEE at different microform types

in Ust-Pojeg peatland over the investigated period; each

microform type is represented by one plot. Microform acronyms

are explained in Fig. 4 and the text. Please note that measured

NEE was determined for inside-chamber conditions (reduced

PAR compared to ambient conditions) and therefore cannot be

directly compared with modelled NEE which was calculated

using ambient PAR as input variable
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by hollows, minerogenous hummocks and ombroge-

nous lawns (Table 7 in appendix).

The cumulative sums and errors of the modelled

NEE over the season (Fig. 10) 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 min-

erogenous hollow sites was comparatively small: only

the CO2 uptake during the summer was slightly higher

at minerogenous hollow sites. The ombrogenous and

minerogenous hummocks differed in the patterns of the

modelled CO2 exchange over the season. Compared to

ombrogenous hummocks, the minerogenous hum-

mocks showed lower values of cumulative NEE during

the summer; one plot showed even negative values.

Cumulative NEE at minerogenous lawns showed a
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Fig. 7 CO2 release due to ecosystem respiration (Reco) at

different microform types in Ust-Pojeg peatland over the

investigation period; each microform type is represented by

one plot as example. Squares indicate the seasonal patterns of

measured Reco; the line indicates the modelled Reco fluxes within

the chambers. Microform acronyms are explained in Fig. 4 and

the text
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steep decline in summer meaning that the mineroge-

nous lawns were strong CO2 sinks during summer.

The cumulative NEE of ombrogenous lawns was

nearly continuously positive. 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 CO2

budgets for all microform types were calculated

(Fig. 10). During the period of observations, the CO2

budget was estimated to be negative (CO2 sink) for

hollows, minerogenous lawns and one of the Carex

lawns and minerogenous hummock sites, respec-

tively, and positive (CO2 source) for ombrogenous
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Fig. 8 Seasonal patterns of GPP at different microform types in

Ust-Pojeg peatland over the investigated period; each micro-

form type is represented by one plot as example. Microform

acronyms are explained in Fig. 4 and the text. Measured GPP

was determined for inside-chamber conditions (reduced PAR

compared to ambient conditions) and therefore cannot be

directly compared with modelled GPP which was calculated

using ambient PAR as input variable
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hummocks and lawns and two Carex lawns and

minerogenous hummocks, respectively.

It has been possible to model the NEE, Reco and

GPP fluxes with good agreements between modelled

and measured CO2 fluxes (Tables 5, 6, 7 in appendix;

Fig. 11). The modelled data of NEE, Reco and GPP

showed that the regression models naturally give

conservative predictions (Fig. 11); they underestimate

high values and overestimate low values. The magni-

tude of over- and underestimation varies between the

different microforms: modelling of CO2 fluxes at flark

sites is less affected compared to hummocks.

Comparison of two methods for NEE estimation

The comparison of the two different modelling

methods to estimate the NEE fluxes showed that the

method to model NEE directly (NEEmod-1, using Eq. 2

or 3) was more successful (has higher Wilmott index

of agreement) than the method to calculate NEE by

summing up the modelled GPP and Reco fluxes

(NEEmod-2) (Table 1). The difference between mea-

sured NEE (NEEmeas) and NEEmod-1 and NEEmeas and

NEEmod-2 is less pronounced at hollow sites compared

to hummock sites. The cumulative flux calculated over

the investigation period showed a considerable

difference between the two different methods of

NEE estimation (Table 2). NEEmod-2 results showed

that the investigated plots were stronger CO2 sinks

or weaker CO2 sources than modelled directly

(NEEmod-1).

Spatial upscaling

About 30% of the intensive study at the Ust-Pojeg

peatland is covered by the minerogenous microforms,

17% by the Carex lawns and about 53% by ombrog-

enous microforms (MHO: 12%, ML: 9%, MH: 9%,

CL: 17%, OHO: 18%, OL: 23%, OH: 12%). The land

cover classification of the entire peatland showed that

about 50% is covered by bogs and 50% by fens

(Susiluoto, personal communication). The result of an

area-weighted calculation of the NEE for the intensive

study site was an average release of about

300 ± 413 g CO2 m-2 over the investigated period.

The ombrogenous part was a strong CO2 source

(281 ± 180 g CO2 m-2) while the minerogenous part

was a weak CO2 sink (-22 ± 142 g CO2 m-2). If we

would assume the lowest rate of CO2 fluxes during the

first measurement days in April to be representative

for the winter fluxes and calculate the annual CO2

budget based on this assumption, then the mineroge-

nous part would change to a CO2 source and the

ombrogenous become an even stronger CO2 source.

The intensive study area would be an annual CO2

source of about 700 ± 600 g CO2 m-2.

Discussion

Within-microform variability in CO2 fluxes

We observed high spatial variability in measured NEE,

Reco 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. 10). The reason for the

differences within these Carex lawns probably derives

from differences in the degree of vegetation cover of

each plot’s dominant species. The maximum GAI at

plots which were densely covered with vegetation was

2.3 and 2.0 m2 m-2 compared to 0.8 m2 m-2 at less

covered plot. This indicates that at plots with similar

water table depths differences in GAI could have a

strong effect on the strength of the CO2 uptake.

Differences in NEE between the plots of the

minerogenous lawns were probably caused by water

table and vegetation characteristics. Compared to plot

13, plot 15 was characterised by a higher water level

which we expected to lead to a stronger seasonal CO2

net uptake; however, it unexpectedly showed a

seasonal CO2 net release. This difference is probably

caused by the vegetation composition as its vegetation

consisted partly of vegetation typically found at

hummock sites. Thus, plot 15 showed the NEE pattern

typical for hummocks despite the high water table

level.

Also, differences in NEE fluxes between the plots

of the ombrogenous hummocks could be observed.

This difference could not be explained by differences

in vegetation composition (mix of Andromeda polifo-

lia, Chamaedaphne calyculata, Oxycoccus palustris

Fig. 9 Relationships between water table depth and Reco (left
side) and between air temperature and Reco (right side). Black
dots indicate the measured CO2 fluxes; the lines fitted sigmoidal

and exponential curves according to Eqs. 4 and 5, respectively.

Each microform type is represented by one plot as example.

Microform acronyms are explained in Fig. 4 and the text
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and Sphagnum spec.) and in GAI (1.8–2.5 m2m-2), as

they were relatively 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 implicated a greater aerated portion of the

peat profile. This could have lead to enhanced oxygen

availability for microbial decomposition and root

growth and thus to higher respiration rates (Bubier

et al. 2003a).

Variability in CO2 fluxes between microform types

The differences in CO2 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 CO2 uptake. Beside

Scheuchzeria palustris and Carex limosa, Utricularia

intermedia grew in minerogenous hollows. These

submerged aquatic carnivorous plants are character-

ised by limited photosynthetic uptake of inorganic

carbon (Adamec 1995), which might explain to some

degree the lower CO2 uptake in the minerogenous

hollows compared to lawns. However, probably more

important is the limitation of photosynthesis under

submerged conditions. Minerogenous hollows were

water-saturated during most of the investigation

season, resulting in lower mean NEE, Reco and GPP

compared to minerogenous lawns. Mosses in peat-

lands are adapted to high water table levels, but very

high water content in Sphagnum mosses slows down

the CO2 and O2 exchange to the photosynthetically

active tissues (Wallen et al. 1988), thus the environ-

mental 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 hum-

mocks and can lead to a reduction of photosynthesis of

both vascular plants and Sphagnum mosses (Arneth

et al. 2002). Water table depth and Reco 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 Reco (Silvola et al. 1996).

We contextualized our work by comparing it to

similar studies (Table 3). 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 differ-

ent. While comparing the CO2 fluxes measured at

different study sites, we also have to be aware of the

different weather condition during the investigation

periods and different number of investigation periods.

These differences in climate, weather and site condi-

tions might explain the differences in CO2 fluxes

measured at different study sites. Studies by Riutta

et al. (2007a) and Alm et al. (1997, 1999) at Finnish

peatlands show the same range of CO2 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 maxi-

mum Reco fluxes at Ust-Pojeg are about double of the

maximum Reco fluxes measured by Riutta et al.

(2007b), and the mean Reco fluxes at Ust-Pojeg

peatland are about four times the average Reco

estimated by Golovatskaya and Dyukarev (2009) but

only half of the estimates by Griffis et al. (2000). We

found contrary results to Waddington and Roulet

(1996) who reported hummocks to be CO2 sinks and

hollows CO2 sources.

Variability in CO2 fluxes between ombrogenous

and minerogenous parts of the peatland

At Ust-Pojeg peatland, differences in CO2 fluxes

between the minerogenous and ombrogenous parts of

the study site were observed. Lindroth et al. (2007)

described the coupling between peatland type and

NEE as less obvious than between the long-term

Fig. 10 Cumulative sums of modelled NEE (NEEmod-1) fluxes

under ambient PAR conditions for the investigation period 2008

for different microforms. Microform acronyms are explained in

Fig. 4 and the text. Cumulative sums are also presented in

Table 2

c
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Fig. 11 Model performance for CO2 net ecosystem exchange

NEE (NEEmod-1), ecosystem respiration Reco and gross primary

production GPP at different microforms. The 1:1 line indicating

a perfect match and reduced major axis (RMA) regression lines

are shown. Microform acronyms are explained in Fig. 4 and the

text

Table 1 Willmott index of agreement (dW) of two different

modelling methods for estimation of NEE: (1) by applying the

empirical models derived from fitting Eq. 2 or 3 directly to the

NEE measurement data (NEEmod-1) and (2) by calculating the

NEE time series from the sums of the modelled values of Reco

and GPP derived from fitting Eqs. 4 and 5 to the Reco

measurements and Eqs. 6 and 7 to the GPP estimates,

respectively (NEEmod-2), dW = 1 indicates a perfect match to

the measured data

Plot

number

dW

(NEEmod-1)

dW

(NEEmod-2)

Plot

number

dW

(NEEmod-1)

dW

(NEEmod-2)

Plot

number

dW

(NEEmod-1)

dW

(NEEmod-2)

OHO 1 0.91 0.84 OH 2 0.75 0.62 OL 5 0.83 0.73

4 0.90 0.81 3 0.84 0.68 6 0.87 0.69

MHO 10 0.94 0.89 MH 9 0.95 0.86 ML 11 0.97 0.94

14 0.97 0.94 12 0.90 0.76 13 0.96 0.92

16 0.94 0.92 17 0.92 0.36 15 0.93 0.87

CL 7 0.85 0.63

8 0.93 0.86

18 0.93 0.85
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average peat carbon accumulation rate and peatland

type. However, Bubier et al. (1999) reported an

increase in photosynthesis and respiration from bogs

over poor fen, intermediate fen to rich fen. At the

investigated peatland, this result was only found for

some microform types, for example for Reco and GPP

fluxes at hummock sites and for GPP only at lawns.

The results of our study confirm the findings of Bubier

et al. (1999) that a poor fen is a stronger CO2 sink than

a bog. In the case of the Ust-Pojeg peatland, the

ombrogenous part of the peatland is even a CO2

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, respec-

tively) 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 CO2 fluxes of ombrogenous and miner-

ogenous hummocks in summer could be that the

distance to the water table is greater at the ombrog-

enous hummocks. Thus, the impact of relatively dry

conditions in July could have been stronger at the

ombrogenous hummocks.

Seasonal cycle of CO2 fluxes

The timing of the snow melt and the hydrometeoro-

logical conditions during the growing season control

the CO2 exchange of boreal peatlands (Aurela et al.

2004). 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 al. (2004) and Moore

et al. (2006) showed that the spring period controls the

annual CO2 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.

Compared to other years, the spring 2008 was colder,

and the snow melt started later. The low air and soil

temperatures, the snowmelt water and the slow

vegetation development limited the photosynthetic

activity in spring 2008. Hummocks are the microforms

which are the most elevated compared to other

microform types which leads to a faster snow melt,

warming of the soil and vegetation development and

thus to earlier CO2 uptake. This early onset of

photosynthesis at the hummocks was 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, CO2

exchange is sensitive to variations in environmental

factors on the short-term scale, for example, GPP and

Reco decreased due to a strong decrease in air temper-

ature at the end of July and beginning of August. In

October, the air temperatures were higher than the ten-

year average which probably led to enhanced respira-

tion but not to increased photosynthesis because the

Table 2 Cumulative flux calculated using two different mod-

elling methods for estimation of NEE: (1) by applying the

empirical models derived from fitting Eq. 2 or 3 directly to the

NEE measurement data (NEEcumul-mod-1) and (2) by calculating

the NEE time series from the sums of the modelled values of

Reco and GPP derived from fitting Eqs. 4 and 5 to the Reco

measurements and Eqs. 6 and 7 to the GPP estimates,

respectively (NEEcumul-mod-2)

Plot

number

(NEEcumul-

mod-1)

(g m-2)

(NEEcumul-

mod-2)

(g m-2)

Plot

number

(NEEcumul-

mod-1)

(g m-2)

(NEEcumul-

mod-2)

(g m-2)

Plot

number

(NEEcumul-

mod-1)

(g m-2)

(NEEcumul-

mod-2)

(g m-2)

OHO 1 -8 ± 8 -236 ± 10 OH 2 499 ± 18 448 ± 16 OL 5 837 ± 14 267 ± 15

4 -56 ± 9 -330 ± 11 3 435 ± 11 112 ± 13 6 1,169 ± 14 398 ± 17

MHO 10 -115 ± 6 -86 ± 8 MH 9 -61 ± 9 -184 ± 13 ML 11 -654 ± 9 -774 ± 11

14 -154 ± 5 -199 ± 6 12 359 ± 14 34 ± 18 13 -242 ± 8 -416 ± 9

16 -98 ± 5 -141 ± 5 17 352 ± 6 -151 ± 32 15 4 ± 11 -124 ± 13

CL 7 896 ± 23 224 ± 25

8 -315 ± 9 -211 ± 12

18 128 ± 11 -278 ± 12
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Table 3 Review of CO2 fluxes measured by closed chamber technique at pristine boreal peatlands

Location Reference Characteristics Comparison

parameter

Other study This study

Finland

62�470N

30�560E

Alm et al.

(1997)

Low sedge-

sphagnum-

pine fen

Hummock GPP -1151.5 g CO2 m-2 ip-1 -1243 ± 115 g CO2 m-2 ip-1a

Reco 755.5 g CO2 m-2 ip-1 1255 ± 141 g CO2 m-2 ip-1a

Carex lawn GPP -1162.5 g CO2 m-2 ip-1 -1233 ± 115 g CO2 m-2 ip-1a

Reco 601.5 g CO2 m-2 ip-1 1192 ± 390 g CO2 m-2 ip-1a

Hollow GPP -825 g CO2 m-2 ip-1 -692 ± 62 g CO2 m-2 ip-1a

Reco 403.5 g CO2 m-2 ip-1 516 ± 4 3 g CO2 m-2 ip-1a

IP: May–October IP: May–October

Finland

62�500N

30�530E

Alm et al.

(1999)

Open sphagnum

bog

Hummock GPP -627 g CO2 m-2 ip-1 -816 ± 230 g CO2 m-2 ip-1a

Reco 1056 g CO2 m-2 ip-1 1051 ± 423 g CO2 m-2 ip-1a

Sphagnum

angustifolium

lawn

GPP -861 g CO2 m-2 ip-1 -989 ± 141 g CO2 m-2 ip-1a

Reco 711 g CO2 m-2 ip-1 1361 ± 202 g CO2 m-2 ip-1a

Hollow GPP -689 g CO2 m-2 ip-1 -820 ± 66 g CO2 m-2 ip-1a

Reco 726 g CO2 m-2 ip-1 524 ± 32 g CO2 m-2 ip-1a

IP: May–October IP: May–October

Canada

58�N450N

94�040W

Griffis et al.

(2000)

Fen

Small

hummock

Mean GPPb -8.8 g CO2 m-2 d-1 -5.9 g CO2 m-2 d-1

Mean Reco
b 9.9 g CO2 m-2 d-1 5.4 g CO2 m-2 d-1

Large

hummock

Mean GPPb -5.1 g CO2 m-2 d-1

Mean Reco
b 5.5 g CO2 m-2 d-1

Hollow Mean GPPb -2.1 g CO2 m-2 d-1 -3.4 g CO2 m-2 d-1

Mean Reco
b 3.4 g CO2 m-2 d-1 1.8 g CO2 m-2 d-1

Russia

56�580N
82�360E

Golovatskaya

and

Dyukarev

(2009)

Low pine-shrub-

sphagnum bog

sedge-

sphagnum fen

Mean Reco

of snow

free season

105.6 ± 27.2 mg CO2 m-2h-1c 448 ± 561 mg CO2 m-2h-1d

112.4 ± 39.4 mg CO2 m-2h-1c 317 ± 386 mg CO2 m-2h-1d

Finland

61�470N

24�180E

Riutta et al.

(2007b)

Oligotrophic fen Maximum

GPP

-1,316 mg CO2 m-2h-1 -1,337 mg CO2 m-2h-1

Maximum

Reco

561 mg CO2 m-2h-1 1,235 mg CO2 m-2h-1

Sweden

63�440N
20�060E

Waddington

and Roulet

(1996)

Eccentric raised

bog

Hummock NEE 180 g CO2 m-2, -

58.7 g CO2 m-2 ip-1
627.6 ± 12.4 g CO2 m-2 ip-1

Hollow 96 g CO2 m-2, 1288 g

CO2 m-2 ip-1
-107.5 ± 6.7 g CO2 m-2 ip-1

IP: May–September IP: May–September
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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 and

mosses as explained above. The increasing air tem-

perature and water table drawdown over the season

controlled the seasonal cycle of Reco leading to

maximum values around 22nd July. The reason for

the timing of the maximum values of the GPP laid in

the phenological development of the vegetation period.

Balance of CO2 exchange between the atmosphere

and the peatland

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 CO2

sinks. Our study site is characterised by minerogenous

and ombrogenous parts; the minerogenous part was a

weak CO2 sink and the ombrogenous part a clear CO2

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 were characterised by

CO2 release rather than by CO2 uptake. This could be

one of the reasons for some of the microforms being a

CO2 source over the investigated period. Shurpali

et al. (1995) showed in their study that a boreal

ecosystem can be a CO2 source on a 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 CO2 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 CO2 source

during the investigation period in 2008. Despite the

interannual variations in temperature and precipita-

tion, further external drivers may include long-term

changes in mineral nutrient supply generated by

anthropogenic activity. For example, improved nitro-

gen 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 emis-

sions could be the nearby city of Syktyvkar.

Measurements by the closed chamber technique are

often used for CO2 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 CO2 fluxes

within a microform type. At our study site, the

differences in GAI were especially important, which

possibly could be obtained by remote sensing tech-

niques. This method of area estimates would probably

be more precise, and thus the uncertainty of the

Table 3 continued

Location Reference Characteristics Comparison

parameter

Other study This study

Finland

61�470N

24�180E

Riutta et al.

(2007a)

Oligotrophic fen Mean GPP -1170 g CO2 m-2 ip-1e -1040 g CO2 m-2 ip-1f

Mean Reco 810 g CO2 m-2 ip-1e 856 g CO2 m-2 ip-1f

Mean NEE -430 g CO2 m-2 ip-1e -50 g CO2 m-2 ip-1f

IP: May–October IP: May–October

IP investigation period
a Mean of respective measurement plots and standard deviation
b June–August
c Mean of 8 investigation periods
d Mean of measured values at ombrogenous and minerogenous part, respectively
e Mean of 4 investigation periods
f Mean of all measurement plots in minerogenous part weighted by area
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upscaled fluxes would be less. Including high-resolu-

tion spatial vegetation information could also improve

the agreement between CO2 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.

Summary and conclusions

As a contribution to the still rather sparse data on

atmospheric CO2 fluxes from boreal peatlands in

Russia, this paper presents data on the net ecosystem

exchange of CO2 as well as CO2 release by ecosystem

respiration and CO2 uptake by gross primary produc-

tion 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 the high temporal frequency of measure-

ments. We studied the influence of different environ-

mental factors on the CO2 fluxes at the microform

scale. Such data are extremely scarce for the extensive

peatlands in Russia. Water table and green area index

(GAI) were found to have strong influence on CO2

fluxes both between different microforms as well as

within different patches of the same microform type.

In the Ust-Pojeg peatland, strong differences in CO2

fluxes within one microform type could be observed;

for example, Carex lawns with low maximum GAI

were CO2 sources over the investigation period, but

Carex lawns with high maximum GAI values were

CO2 sinks. Although the minerogenous and ombrog-

enous parts of the Ust-Pojeg peatland were located

close to each other, the differences in CO2 fluxes were

strong; over the investigation period the minerogenous

part was a weak CO2 sink, and the ombrogenous part

was a pronounced CO2 source. However, both were

estimated to be CO2 sources on an annual time scale.
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Appendix

Description of measurement plots, model parameters,

coefficient of determination, root mean square error,

F values and levels of significance.

Table 4 Predominant vegetation (with coverage, %), micro-

form type, mean water table depth (with range in parenthesis,

the minus sign was used when the water table was above the

surface) for the investigation period and maximum GAI of all

measurement plots in the Ust-Pojeg peatland, 2008

Plot number Microform type Vegetation Cover (%) Water table (cm) Maximum GAI (m2m-2)

1 OHO Scheuchzeria palustris 10 6 (-5 to 18) 1.2

Oxycoccus palustris 5

Sphagnum angustifolium 90

2 OH Chamaedaphne calyculata 10 26 (17–37) 0.28

Oxycoccus palustris 5

Sphagnum magellanicum 65

Sphagnum angustifolium 30

Polytrichum strictum 5
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Table 4 continued

Plot number Microform type Vegetation Cover (%) Water table (cm) Maximum GAI (m2m-2)

3 OH Chamaedaphne calyculata 15 15 (4–25) 0.18

Sphagnum magellanicum 90

Sphagnum angustifolium 10

4 OHO Scheuchzeria palustris 10 9 (-3 to 19) 0.42

Oxycoccus palustris 5

Sphagnum angustifolium 100

5 OL Scheuchzeria palustris 10 12 (2–21) 0.54

Carex limosa 10

Oxycoccus palustris 15

Sphagnum angustifolium 100

6 OL Andromeda polifolia 10 16 (1–24) 0.61

Oxycoccus palustris 10

Chamaedaphne calyculata 5

Sphagnum angustifolium 100

7 CL Carex rostrata 15 10 (1–21) 0.76

Carex limosa 10

Oxycoccus palustris 15

Sphagnum angustifolium 80

Sphagnum magellanicum 20

8 CL Carex rostrata 50 10 (1–21) 2.33

Oxycoccus palustris 15

Sphagnum angustifolium 90

9 MH Andromeda polifolia 15 11 (1–21) 1.39

Sphagnum magellanicum 80

Sphagnum angustifolium 20

10 MHO Scheuchzeria palustris 45 1 (-10 to 11) 2.54

Utricularia intermedia 80

Sphagnum jensenii 45

11 ML Scheuchzeria palustris 50 1 (-10 to 11) 1.32

Utricularia intermedia 25

Sphagnum subsecundum 45

Sphagnum jensenii 40

Sphagnum angustifolium 5

12 MH Andromeda polifolia 25 11 (1–21) 1.73

Drosera rotundifolia 10

Sphagnum magellanicum 80

Sphagnum angustifolium 15

Polytrichum strictum 5

13 ML Andromeda polifolia 15 8 (-3 to 18) 1.47

Oxycoccus palustris 25

Scheuchzeria palustris 25

Sphagnum angustifolium 85

Sphagnum jensenii 10

14 MHO Scheuchzeria palustris 25 -2 (-12 to 9) 3.59

Sphagnum jensenii 75
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Table 4 continued

Plot number Microform type Vegetation Cover (%) Water table (cm) Maximum GAI (m2m-2)

15 ML Andromeda polifolia 25 5 (-5 to 16) 2.30

Scheuchzeria palustris 50

Sphagnum subsecundum 55

Sphagnum jensenii 45

16 MHO Scheuchzeria palustris 15 -2 (-8 to 6) 2.65

Carex limosa 20

Menyanthes trifoliata 20

Utricularia intermedia 80

Sphagnum jensenii 15

17 MH Betula nana 30 7 (-1 to 14) 2.30

Andromeda polifolia 10

Oxycoccus palustris 10

Sphagnum magellanicum 80

Sphagnum angustifolium 20

18 CL Carex rostrata 40 9 (2–17) 2.00

Oxycoccus palustris 10

Sphagnum angustifolium 80

Sphagnum magellanicum 20

Microform acronyms: ombrogenous hollows (OHO), lawns (OL) and hummocks (OH), and minerogenous hollows (MHO), lawns

(ML) and hummocks (MH), and Carex rostrata lawns (CL)

Table 5 NEE model (Eqs. 2 and 3) parameter values (P1 if

modelled based on GAI in lg CO2 m-2s-1�C-1, if modelled

based on ETI in lg CO2 m-2s-1�C-2; k1 in lmol CO2 m-2s-1;

a1 in lg CO2 m-2s-1; b1 in �C-1; c1 in cm-1) and their

standard errors in parentheses, coefficient of determination

(R2), root mean square error (RMSE in lg CO2 m-2s-1),

F value and number of measurements (N) for all plots

Microform

type

Plot

number

GAI/

ETI

P1 k1 a1 b1 c1 R2 F value RMSE N

OHO 1 GAIa -17.0***

(2.1)

140.0**

(66.6)

14.3***

(5.7)

0.06***

(0.01)

-0.07***

(0.02)

0.72*** 106.3 51.6 168

ETI -2.9***

(0.6)

255.2*

(142.5)

33.8***

(12.5)

0.05***

(0.02)

-0.007NS

(0.02)

0.65*** 74.6 58.3 168

4 GAIa -19.7***

(2.3)

125.3***

(50.1)

26.4***

(9.0)

0.08***

(0.01)

-0.03**

(0.01)

0.70*** 91.5 57.9 164

ETI -3.8***

(2.7)

296.4*

(142.1)

7.4**

(4.8)

0.08***

(0.02)

-0.09***

(0.03)

0.65*** 73.6 62.3 164

OH 2 GAI -27.4***

(8.3)

365.7NS

(352.2)

6.1NS

(11.2)

0.1***

(0.02)

-0.04NS

(0.04)

0.30*** 12.0 121.0 120

ETIa -5.3***

(2.1)

571.1NS

(523.5)

4.9NS

(4.9)

0.08***

(0.02)

-0.07***

(0.03)

0.42*** 20.4 110.3 120

3 GAI -20.1***

(3.1)

150.3*

(85.9)

25.1**

(10.4)

0.08***

(0.01)

-0.04***

(0.01)

0.57*** 53.4 70.2 168

ETIa -3.6***

(0.8)

345.9*

(201.1)

10.0**

(5.1)

0.07***

(0.01)

-0.08***

(0.02)

0.57*** 53.0 70.3 168
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Table 5 continued

Microform

type

Plot

number

GAI/

ETI

P1 k1 a1 b1 c1 R2 F value RMSE N

OL 5 GAIa -19.1***

(3.7)

180.3*

(120.2)

31.8**

(13.6)

0.05***

(0.01)

-0.07***

(0.02)

0.55*** 44.3 88.8 153

ETI -4.3**

(1.9)

601.3NS

(604.3)

11.7NS

(8.7)

0.04*

(0.02)

-0.1***

(0.04)

0.41*** 26.1 100.9 153

6 GAIa -25.6***

(3.4)

113.8**

(53.4)

34.2***

(11.5)

0.07***

(0.01)

-0.06***

(0.01)

0.62*** 60.6 87.8 152

ETI -5.5***

(1.4)

401.1*

(260.5)

11.2*

(6.7)

0.06***

(0.01)

-0.01***

(0.03)

0.48*** 33.9 103.1 152

CL 7 GAIa -33.9***

(8.0)

380.2NS

(275.0)

21.5*

(13.2)

0.07***

(0.01)

-0.11***

(0.03)

0.57*** 40.1 142.7 126

ETI -9.6**

(4.0)

818.0NS

(721.8)

12.0NS

(9.0)

0.07***

(0.02)

-0.14***

(0.03)

0.55*** 36.3 146.7 126

8 GAI -31.0NS

(34.5)

2227.8NS

(3270.6)

0.14NS

(0.38)

0.12**

(0.05)

-0.22**

(0.11)

0.49*** 37.8 88.0 165

ETIa -5.1***

(0.6)

278.0***

(90.6)

5.0**

(2.6)

0.1***

(0.01)

-0.11***

(0.02)

0.77*** 136.5 58.4 165

18 GAI -12.8***

(1.7)

166.3**

(76.5)

12.3**

(6.1)

0.1*** (0.01) -0.09***

(0.02)

0.69*** 68.6 77.9 130

ETIa -5.6***

(0.7)

257.4***

(84.7)

18.2***

(7.0)

0.08***

(0.01)

-0.09***

(0.02)

0.78*** 109.7 65.5 130

MHO 10 GAIa -6.4***

(0.6)

121.9***

(46.2)

18.2***

(5.4)

0.09***

(0.01)

-0.02NS

(0.02)

0.81*** 170.4 38.9 164

ETI -2.8***

(0.5)

293.6*

(153.2)

22.0**

(9.4)

0.07***

(0.02)

0.03NS

(0.03)

0.71*** 97.2 48.2 164

14 GAIa -4.6***

(0.5)

160.6***

(57.0)

20.7***

(6.7)

0.07***

(0.01)

0.01NS

(0.02)

0.87*** 275.2 31.7 164

ETI -2.1***

(0.3)

149.9**

(74.6)

23.5**

(11.6)

0.05**

(0.02)

0.06NS

(0.04)

0.75*** 121.7 44.2 164

16 GAIa -5.0***

(0.5)

135.0***

(53.2)

17.9***

(6.5)

0.08***

(0.01)

-0.04**

(0.02)

0.81*** 137.3 31.4 132

ETI -1.8***

(0.5)

437.5NS

(312.8)

8.8NS

(9.1)

0.04NS

(0.04)

0.2*

(0.1)

0.71*** 78.3 38.9 132

MH 9 GAI -19.2***

(1.7)

143.2***

(43.6)

13.1***

(4.3)

0.09***

(0.01)

-0.09***

(0.01)

0.78*** 140.0 64.4 167

ETIa -6.7***

(0.6)

242.0***

(60.1)

9.4***

(3.1)

0.09***

(0.01)

-0.11***

(0.01)

0.83*** 191.3 56.9 167

12 GAIa -14.1***

(1.8)

179.8**

(76.3)

14.6**

(6.6)

0.08***

(0.01)

-0.09***

(0.02)

0.70*** 90.8 84.6 160

ETI -6.1***

(1.0)

360.1**

(155.7)

5.9*

(3.5)

0.08***

(0.01)

-0.14***

(0.02)

0.69*** 87.7 85.9 160

17 GAI -12.7***

(1.6)

177.0**

(82.7)

25.2***

(9.9)

0.09***

(0.01)

-0.08***

(0.02)

0.72*** 81.3 87.7 130

ETIa -6.1***

(0.9)

295.6**

(121.7)

24.6***

(9.9)

0.08***

(0.01)

-0.1***

(0.02)

0.75*** 92.7 83.6 130
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Table 5 continued

Microform

type

Plot

number

GAI/

ETI

P1 k1 a1 b1 c1 R2 F value RMSE N

ML 11 GAIa -17.0***

(1.3)

151.6***

(40.5)

31.1***

(8.6)

0.09***

(0.01)

-0.003NS

(0.01)

0.89*** 309.5 55.5 165

ETI -6.2***

(1.0)

466.7***

(182.8)

1.1NS

(1.5)

0.2***

(0.04)

-0.16***

(0.06)

0.83*** 195.5 55.5 165

13 GAIa -14.1***

(1.2)

143.9***

(46.1)

25.4***

(7.5)

0.09***

(0.01)

-0.03***

(0.01)

0.86*** 194.1 51.3 136

ETI -5.6***

(0.1)

299.1***

(105.0)

11.9**

(5.6)

0.09***

(0.01)

-0.06***

(0.02)

0.84*** 166.7 54.7 136

15 GAIa -11.7***

(1.4)

236.4**

(98.6)

16.6***

(6.7)

0.07***

(0.01)

-0.12***

(0.02)

0.77*** 129.4 67.2 161

ETI -6.1***

(1.4)

570.7**

(293.1)

7.5*

(5.0)

0.07***

(0.01)

-0.17***

(0.04)

0.73*** 106.1 72.4 161

ETI or GAI shows the parameters for Eq. 2 (GAI) and Eq. 3 (ETI), respectively. Microform acronyms are explained in Table 1 and

text

NS not significant at the 1% level

*, **, *** significant at 10, 5 and 1% level of significance, respectively
a Indicates which equation was used for modelling the CO2 flux over the investigation period

Table 6 Respiration model (Eqs. 4 and 5) parameter values

(a2 in lg CO2 m-2s-1; b2 in �C-1; c2 in cm-1; u in cm; s in

cm) and their standard errors in parentheses, coefficient of

determination (R2), root mean square error (RMSE in lg CO2

m-2s-1), F value and number of measurements (N) for all plots

Microform

type

Plot

number

L/A a2 b2 c2 u s R2 F value RMSE N

OHO 1 Aa 9.6***

(3.2)

0.04***

(0.01)

-0.08***

(0.03)

– – 0.57*** 84.1 20.8 128

L 7192.7NS

(297941.1)

0.04***

(0.01)

– -81.1NS

(5224.3)

-12.2NS

(17.)

0.57*** 55.6 20.8 128

4 Aa 6.0***

(1.6)

0.08***

(0.01)

-0.07***

(0.01)

– – 0.83*** 313.2 17.4 129

L 26.9***

(8.7)

0.07***

(0.01)

– 10.0***

(3.2)

5.0**

(2.4)

0.84*** 221.9 16.9 129

OH 2 A 10.6*

(6.3)

0.06***

(0.01)

-0.05***

(0.01)

– – 0.64*** 90.9 56.2 106

La 74.4**

(33.6)

0.06***

(0.01)

– -24.6***

(4.7)

-5.6NS

(5.3)

0.65*** 62.2 55.5 106

3 A 6.7***

(2.3)

0.07***

(0.01)

0.07***

(0.01)

– – 0.78*** 230.9 25.5 133

La 40.4***

(9.7)

0.06***

(0.01)

– -14.9***

(1.2)

-3.4**

(1.5)

0.80*** 173.1 24.2 133

508 Biogeochemistry (2012) 111:485–513

123



Table 6 continued

Microform

type

Plot

number

L/A a2 b2 c2 u s R2 F value RMSE N

OL 5 A 13.9***

(4.6)

0.05***

(0.01)

0.08***

(0.02)

– – 0.75*** 195.7 38.1 132

La 84.9***

(19.1)

0.04***

(0.01)

– -12.1***

(1.4)

-3.4**

(1.2)

0.78*** 152.0 35.8 132

6 A 13.3***

(5.0)

0.05***

(0.01)

0.08***

(0.02)

– – 0.76*** 190.7 44.0 125

La 101.7***

(28.8)

0.05***

(0.01)

– -15.7***

(1.8)

-3.5*

(1.8)

0.78*** 140.1 42.3 125

CL 7 Aa 17.3***

(6.9)

0.05***

(0.01)

-0.09***

(0.02)

– – 0.75*** 152.4 53.2 104

L 311.2NS

(903.2)

0.05***

(0.01)

– -25.2NS

(42.2)

-8.4NS

(7.6)

0.75*** 101.1 53.1 104

8 A 15.1***

(3.6)

0.07***

(0.01)

-0.05***

(0.01)

– – 0.82*** 301.4 26.2 133

La 45.6***

(11.0)

0.06***

(0.01)

– -8.2***

(2.1)

-4.6*

(2.5)

0.84*** 218.9 25.2 133

18 A 16.2***

(3.4)

0.07***

(0.01)

-0.06***

(0.01)

– – 0.88*** 398.7 22.7 103

La 46.2***

(7.3)

0.06***

(0.01)

– -6.1***

(0.8)

-3.0**

(1.2)

0.90*** 309.7 21.1 103

MHO 10 Aa 34.0***

(6.8)

0.004NS

(0.01)

-0.06***

(0.01)

– – 0.41*** 45.7 20.1 133

L 92.9NS

(67.4)

0.002NS

(0.01)

– -3.3NS

(12.7)

-7.6NS

(6.5)

0.42*** 31.1 20.0 133

14 Aa 31.6***

(6.0)

0.01NS

(0.01)

-0.04***

(0.01)

– – 0.34*** 33.3 16.9 134

L 56.8NS

(44.1)

0.01NS

(0.01)

– 3.7NS

(16.1)

-9.5NS

(12.3)

0.34*** 22.5 16.8 134

16 Aa 34.6***

(6.8)

0.02**

(0.01)

-0.04***

(0.02)

– – 0.38*** 32.1 17.8 108

L 5034.6NS

(3677462.3)

0.02NS

(0.01)

– -119.0NS

(18318.4)

-23.9NS

(123.1)

0.38*** 21.2 17.8 108

MH 9 A 10.0***

(2.5)

0.06***

(0.01)

-0.09***

(0.01)

– – 0.88*** 461.9 29.0 132

La 75.5***

(16.0)

0.06***

(0.01)

– -12.5***

(2.0)

-4.1***

(1.4)

0.89*** 345.5 27.5 132

12 A 19.3***

(5.0)

0.05***

(0.01)

-0.07***

(0.01)

– – 0.81*** 287.5 39.6 134

La 98.2***

(20.2)

0.05***

(0.01)

– -10.7***

(1.8)

-4.1***

(1.6)

0.83*** 209.7 38.0 134

17 A 26.0***

(5.8)

0.06***

(0.01)

-0.06***

(0.01)

– – 0.83*** 235.3 31.4 102

La 69.5***

(12.4)

0.05***

(0.01)

– -4.1***

(1.2)

-3.5**

(1.5)

0.84*** 175.7 29.9 102
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Table 6 continued

Microform

type

Plot

number

L/A a2 b2 c2 u s R2 F value RMSE N

ML 11 Aa 26.5***

(3.6)

0.04***

(0.01)

-0.06***

(0.01)

– – 0.85*** 361.5 17.8 134

L 61.8***

(14.1)

0.04***

(0.01)

– -0.95NS

(3.1)

5.9**

(2.5)

0.86*** 262.8 17.1 134

13 Aa 8.8***

(3.2)

0.05***

(0.01)

-0.1***

(0.02)

– – 0.77*** 187.9 27.1 113

L 76.3***

(29.2)

0.05***

(0.01)

– -12.2***

(3.7)

-4.3**

(1.9)

0.79*** 134.6 26.2 113

15 Aa 25.5***

(6.2)

0.05***

(0.01)

-0.08***

(0.01)

– – 0.77*** 218.1 39.0 132

L 105.7**

(43.9)

0.05***

(0.01)

– -7.7NS

(5.8)

-5.9*

(3.2)

0.78*** 38.4 150.0 132

A or L shows the parameters for Eq. 4 (L after Larmola et al. 2004) and Eq. 5 (A after Alm et al. 1999), respectively. Microform

acronyms are explained in Table 1 and text

NS not significant at the 1% level

*, **, *** significant at 10, 5 and 1% level of significance, respectively
a Indicates which equation was used for modelling the CO2 flux over the investigation period

Table 7 GPP model (Eqs. 6 and 7) parameter values (P2 if

modelled based on GAI in lg CO2 m-2s-1�C-1, if modelled

based on ETI in lg CO2 m-2s-1�C-2; k2 in lmol CO2 m-2s-1)

and their standard errors in parentheses, coefficient of deter-

mination (R2), root mean square error (RMSE in lg CO2

m-2s-1), F value and number of measurements (N) for all plots

Microform type Plot number ETI/

GAI

P2 k2 R2 F value RMSE N

OHO 1 GAIa -13.1***

(1.5)

196.8***

(77.3)

0.85*** 647.8 36.1 112

ETI -2.4***

(0.4)

285.3**

(147.2)

0.73*** 302.8 48.9 112

4 GAI -11.9***

(1.7)

183.4**

(91.9)

0.72*** 182.7 48.1 117

ETIa -2.9***

(0.5)

316.1**

(128.4)

0.76*** 354.4 44.8 117

OH 2 GAI -13.8***

(3.0)

208.4NS

(160.0)

0.45*** 76.3 73.4 94

ETIa -3.0***

(0.7)

305.2* (190.0) 0.53*** 102.1 68.3 94

3 GAI -9.8***

(1.7)

182.9*

(115.4)

0.54*** 125.8 41.3 110

ETIa -2.1***

(0.4)

345.8**

(166.2)

0.62*** 178.4 37.4 110
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Table 7 continued

Microform type Plot number ETI/

GAI

P2 k2 R2 F value RMSE N

OL 5 GAIa -14.0***

(3.1)

419.2*

(246.8)

0.64*** 183.2 53.5 103

ETI -3.9***

(1.5)

705.7NS

(558.5)

0.37*** 58.4 71.4 103

6 GAIa -11.3***

(1.6)

111.1NS

(85.2)

0.60*** 140.0 63.8 97

ETI -3.0***

(0.6)

218.1NS

(145.9)

0.50*** 94.5 71.1 97

CL 7 GAIa -16.0***

(3.0)

206.3*

(141.8)

0.65*** 160.5 81.4 87

ETI -4.3***

(1.0)

328.8*

(215.8)

0.60*** 125.1 87.9 87

8 GAI -45.4NS

(56.7)

2744.1NS

(4240.6)

0.14NS 21.0 107.3 127

ETIa -4.4***

(0.9)

380.9**

(181.7)

0.61*** 198.8 72.0 127

18 GAI -7.8***

(1.4)

162.7NS

(119.9)

0.44*** 66.3 82.8 85

ETIa -3.9***

(0.7)

314.4**

(152.3)

0.61*** 129.6 69.3 85

MHO 10 GAIa -4.3***

(0.7)

122.9NS

(86.9)

0.66*** 197.6 57.8 106

ETI -2.1***

(0.4)

195.9NS

(123.6)

0.65*** 191.2 58.4 106

14 GAIa -3.7***

(0.5)

155.2**

(78.0)

0.80*** 471.0 43.4 117

ETI -2.2***

(0.4)

203.1*

(117.5)

0.71*** 278.1 53.0 117

16 GAIa -3.6***

(0.4)

136.1**

(64.3)

0.78*** 351.3 36.1 99

ETI -1.9***

(0.3)

228.6**

(107.8)

0.74*** 271.8 39.8 99

MH 9 GAI -11.6***

(1.8)

201.9*

(106.3)

0.64*** 209.2 76.9 122

ETIa -4.0***

(0.6)

268.5**

(111.5)

0.72*** 302.3 67.9 122

12 GAIa -9.5***

(1.2)

196.6**

(86.7)

0.79*** 421.2 61.7 114

ETI -4.6***

(0.8)

330.5**

(148.6)

0.73*** 297.2 70.5 114

17 GAI -4.0***

(0.4)

-66.8***

(7.8)

0.25NS 27.1 106.9 85

ETIa -3.2***

(0.4)

152.1*

(84.9)

0.68*** 176.8 69.7 85
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