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Abstract: We compared the CO2 exchange and its

controls in the plant communities of a strongly

patterned aapa mire, the Kaamanen fen in northern

Finland. Based on a systematic vegetation inventory

and an ordination analysis, four plant community types

were chosen for the study: Ericales–Pleurozium string

tops, Betula–Sphagnum string margins, Trichophorum

tussock flarks and Carex–Scorpidium wet flarks. We

measured plant community CO2 exchange with a

closed chamber technique during the growing season

of 2007 and early summer of 2008. Nonlinear regres-

sion models were used for simulating the CO2

exchange over the measurement period for different

mire components and for the whole mire. The CO2

exchange dynamics distinguished two functional com-

ponents in the mire: an ombrotrophic component

(Ericales–Pleurozium string tops) and a minerotrophic

component (other plant community types). Minero-

trophic plant communities responded similarly to

environmental controls, the most important of these

being variation in leaf area and aerobic peat volume

(water level). The ombrotrophic component dynamics

were more obscure; frost and possibly peat moisture

played a role. The minerotrophic communities func-

tioned as effective CO2 sinks in the simulation, while

the net CO2 exchange of the ombrotrophic community

was close to zero. The smaller NEE of the ombro-

trophic community was due to less efficient photosyn-

thesis per unit leaf area in combination with high

ecosystem respiration resulting from a large aerobic

peat volume. Our study shows that a fen/bog functional

dichotomy can also exist within one mire. Wet

minerotrophic communities within northern mires

can act as effective CO2 sinks.
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Abbreviations
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TWINSPAN Two Way INdicator SPecies

ANalysis

Introduction

The temperature increase due to human-induced

global warming is expected to be greatest at high

northern latitudes (IPCC 2007). Not only temperature
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increase as such, but also changes in water balance,

snow cover, timing of snow melt and frost occurrence

are likely to affect the functioning of northern

ecosystems (IPCC 2007).

Northern mires play an important role in the global

carbon budget. With their estimated carbon reservoir

of 455 Pg (1 Pg = 1015 g) they represent ca. 30% of

the total soil carbon (Gorham 1991). The mire carbon

balance reacts sensitively to variations in climate;

therefore, interannual variation (Alm et al. 1999) or a

directional change in climate (Oechel et al. 1995) can

turn northern mires from carbon sinks into carbon

sources. This, in turn, would have important feedback

effects on the current climate change. Especially peat

moisture content and water table level are important

controls of mire carbon exchange (Shurpali et al.

1995; Alm et al. 1999; Riutta et al. 2007b). The

timing of snow and surface frost melt have been

observed to have an important influence on the

annual carbon budget of northern mires (Aurela et al.

2004).

Mires are usually mosaic structures, where com-

munities vary in accordance with the microtopogra-

phy (e.g., string, lawn and flark communities) and

nutrient level. Different plant communities are

exposed to different environmental conditions: water,

nutrient and oxygen availability, temperature and

moisture. On the other hand, they show different

responses to overarching environmental factors, such

as light, air temperature or increased drainage,

depending on the physiological properties of the

community plants. Because of the intercommunity

variation both in environmental conditions and envi-

ronmental responses, different plant communities in

one mire can show completely different dynamics in

their CO2 exchange (Waddington and Roulet 2000;

Riutta et al. 2007a).

Aapa mires, or patterned fens, are principally

minerotrophic, wet mires. They occur in the middle

and northern boreal vegetation zones, predominantly

in the maritime margins of large continental land

masses: in Fennoscandia (Ruuhijärvi 1983), north-

western Russia (Botch and Masing 1983), Canada

and Alaska (Zoltai and Pollet 1983). A surface

pattern of wet flarks and dry hummocky strings,

particularly pronounced in the north, is a character-

istic of aapa mires (Ruuhijärvi 1983). There are large

differences in plant community composition between

the mire microforms. In the northernmost aapa mires,

ice lenses remain in the strings until late summer or

even longer.

Aurela et al. (1998, 2001, 2002, 2004) have

measured CO2 exchange by the eddy covariance

technique at a northern aapa mire at Kaamanen,

Finland, for several years. The measurement series is

globally outstanding in its length and, as a result, the

temporal variation in the CO2 exchange is well-

documented. During recent years, the mire has been a

small sink of atmospheric CO2 (Aurela et al. 2004).

The timing of snow melt, controlling especially the

CO2 exchange in June, was found to be the most

important single determinant of the annual CO2

balance (Aurela et al. 2004). Typically for microme-

teorological studies, the results do not reveal the

spatial variation within the sink function. Previous

studies on aapa or palsa mires have shown that

microsites can differ dramatically in their CO2

balance: wet microsites with sedge or shrub vegeta-

tion have been strong net sinks for CO2, whereas dry

microsites, often with sparse vegetation, have been

CO2 sources or weak sinks (Heikkinen et al. 2002;

Nykänen et al. 2003; Bäckstrand et al. 2008).

Although these studies have shown the spatial

variation, they have not focused on the factors

controlling plant community CO2 exchange.

In this study, we aim to quantify the relative

contributions and roles of the different plant com-

munities to the total net CO2 exchange measured at

Kaamanen by the eddy covariance method. We pay

special attention to the critical early growing season.

Our process-based modelling approach enables us to

examine the controlling factors and mechanisms

behind the source/sink patterns observed both in our

study and also in previous studies on aapa mires.

Materials and methods

Study site

The study was carried out in an aapa mire at

Kaamanen in northern Finland (69�080N, 27�170E,

155 m a.s.l.). The mire is situated in the northern

boreal vegetation zone (Ahti et al. 1968), but the

climate is already subarctic (see Aurela et al. 1998 for

the climatology of the area). The mire has a pattern of

wet flarks, which make up ca. 70% of the area, and

dry ca. 70 cm high strings (see the aerial photograph
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in Aurela et al. 1998). This kind of pronounced surface

pattern is typical of the northernmost aapa mires

(Ruuhijärvi 1983). In addition to precipitation, the mire

receives water as surface flow from the surrounding

mineral ground, particularly during the spring high

flow period. Due to their height, the strings are

ombrotrophic in their nature, receiving water and

nutrients almost solely from precipitation. Thin lenses

of ice remain in the well-insulated hummocks until late

summer.

The vegetation in the flarks consists of meso-

eutrophic fen species (Eurola et al. 1995). The flarks

are dominated by brown mosses and sedges, with

occasional Trichophorum cespitosum tussocks. The

uppermost parts of the strings host ombrotrophic

vegetation: forest mosses and Ericales. String margins

are covered by Sphagnum mosses, sedges, Betula

nana and Andromeda polifolia.

Sampling

To obtain a well-grounded and objective classifica-

tion for the spatial variation in vegetation, we

conducted a systematic vegetation inventory over

the mire in the growing season of 2006. The

projection cover of each species was visually esti-

mated in a total of 255 temporary vegetation sample

plots using a circular frame 30 cm in diameter. The

method is described in detail in Riutta et al. (2007a).

Based on the TWINSPAN classification method

(TWINSPAN for Windows 2.3; Hill 1979; Hill and

Šmilauer 2005), we classified the vegetation into four

plant community types: Carex–Scorpidium wet

flarks, Trichophorum tussock flarks, Betula–Sphag-

num string margins and Ericales–Pleurozium string

tops. To test the significance of the classification

obtained, we performed a canonical correspondence

analysis (CCA) using Canoco for Windows 4.5 (ter

Braak and Šmilauer 2002; Leps and Šmilauer 2003),

treating plant community types as class variables.

The classification obtained was used as a base for

the sampling design. Four study plot clusters with

four 56 9 56 cm permanent gas exchange plots in

each, one plot for each plant community type, were

established on the site. Thus, there were four replicate

measurement plots for each plant community type.

The study plots were chosen to take into account the

internal variation of the plant community types. The

clusters were, therefore, situated 20–80 m apart from

one another. In each cluster, the study plots were

0.5–6 m apart from one another. At the beginning of

the study, boardwalks were installed at the site to

minimize disturbance. Each study plot was sur-

rounded by an aluminium collar inserted to a depth

of 30 cm. The collar was used for anchoring the

measurement chamber onto the study plot for the

time of the gas exchange measurement. The collars

had a flange (ca. 2 cm) with a water groove that

allowed chamber placement and air-tight sealing of

the measurement system during the measurement.

CO2 exchange measurements

Chamber measurements

Chamber measurements were carried out from three

to five times a month during the growing season 2007

(June 6 to September 10) and twice a week during

early summer 2008 (May 30 to June 26). The 2008

data was used for model validation and better

examination of the crucial early summer processes.

The instantaneous net CO2 exchange in each plot

was measured with a transparent plastic chamber

(60 9 60 9 31 cm) equipped with a battery-operated

fan, a cooling system that maintained the temperature

within 2�C of the ambient temperature, and a portable

infrared gas analyser (EGM-3 and EGM-4, PP Sys-

tems, UK). We followed the closed chamber method

described in Alm et al. (2007). All plots where

measured during one measurement day, 8 a.m. to 4

p.m., local winter time. Measurements lasting for

90–180 s were carried out first in ambient light and

then under one or two shades made of thin mosquito net

that reduced the amount of incoming light by 40–50%

or 75–90%. Shades were placed on a rack standing

approximately 50 cm above the chamber to simulate a

natural, homogenous, low-light environment for the

study plot. During the measurements, the CO2 con-

centration in the chamber headspace, the photosyn-

thetic photon flux density (PPFD) under the chamber

roof, and the chamber air temperature were recorded at

15 s intervals. After the measurements in the light, the

chamber was covered with an opaque hood and the

CO2 exchange in the dark was measured. The chamber

was removed from the plot between these measure-

ments to restore ambient gas concentration. Water

level in a perforated tube next to each plot and peat

temperatures at 5, 10 and 20 cm below the moss
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surface were measured simultaneously with the CO2

exchange measurements to relate the fluxes to the

prevailing environmental conditions.

The net CO2 exchange was calculated from the

linear change in CO2 concentration in the chamber

headspace. We used the net CO2 exchange measure-

ments in the dark to represent the ecosystem respiration

(RECO). An estimate for the gross photosynthesis (PG)

was calculated by subtracting the CO2 exchange rate in

the light conditions from the exchange rate in the

subsequent dark measurement. Both PG and RECO

values are stated as positive. For this method, see

Tuittila et al. (2004) and Alm et al. (2007).

Eddy covariance measurements

While the chamber measurements provide us with

detailed data on different plant communities, the

micrometeorological eddy covariance (EC) method

gives us direct measurements of CO2 fluxes averaged

on an ecosystem scale. In the EC method, the vertical

CO2 flux is obtained as the covariance of the high-

frequency (10 Hz) observations of vertical wind

speed and the CO2 concentration (Baldocchi 2003).

The eddy covariance measurement system included a

USA-1 (METEK) three-axis sonic anemometer/ther-

mometer and a closed-path LI-7000 (Li-Cor, Inc.)

CO2/H2O gas analyzer. The measurement height was

5 m and the length of the heated inlet tube for the gas

analyzer was 8 m. The mouth of the inlet tube was

placed 15 cm below the sonic anemometer. The EC

fluxes were calculated by an in-house Python pro-

gram BARFLUX (Finnish Meteorological Institute)

as half-hourly averages. The measurement system is

presented in more detail in Aurela et al. (2002).

Describing seasonal variation in vegetation

We monitored the temporal variation in the vegetation

by estimating the vascular green area (VGA) in the 16

permanent gas exchange plots every other week during

the growing season of 2007, and weekly during the

early summer of 2008. The method is described in

detail by Wilson et al. (2007). We estimated the VGA

of each species as the product of the number of green

leaves in the plot and the average size of the leaf. For

sedge species, the size of a leaf was measured non-

destructively from marked shoots outside the study

plots simultaneously with the leaf counting. For plants

with evenly-sized leaves (dwarf shrubs, forbs), leaves

were sampled and photographed once in the growing

season of 2007. The green area was then digitally

estimated from the photographs using Image Analyzer

software (Martti Perämäki, Department of Forest

Sciences, University of Helsinki). For Rubus cha-

maemorus, we used the dwarf shrub procedure in 2007

but the sedge procedure in 2008, the latter proving to be

more suitable for the species. In addition, we estimated

the projection cover of mosses, lichens and vascular

plants once at the peak of the growing season 2007,

July 20–23.

The species-specific VGAs were grouped into three

functional groups: dwarf shrubs, sedges and forbs. To

describe the seasonal development over the growing

season of 2007, we fitted a log-normal curve to the VGA

observations, separately for each functional group in

each plot. Evergreen dwarf shrubs did not show a clear

seasonal rhythm; therefore, most dwarf shrub VGAs

were linearly interpolated between the measurement

days. Linear interpolation was also used when different

sedge cohorts caused two peaks in the sedge VGA. For

the early summer of 2008, model building was consid-

ered unnecessary due to the frequent monitoring, and all

VGAs were linearly interpolated.

Modelling CO2 exchange dynamics

To find the environmental factors affecting photo-

synthesis and ecosystem respiration in the different

plant community types and to quantify their effect,

we constructed process-based non-linear regression

models for PG and RECO, with PPFD, air temperature

in the chamber, peat temperatures, water level, and

VGA as independent variables.

Models were first constructed and parametrized

separately for each plant community type. As the lawn

and flark types, i.e., the minerotrophic plant commu-

nities—Betula–Sphagnum, Trichophorum and Carex–

Scorpidium types—showed similar environmental

responses, we decided to describe their CO2 exchange

with collective PG (Eq. 1) and RECO (Eq. 3) models.

For the Ericales–Pleurozium type, one PG (Eq. 2) and

two RECO (Eqs. 4, 5) models were constructed: the first

RECO model (Eq. 4) has a response to water level; the

other (Eq. 5) is for the early summer, when water level

data were not available due to ground frost.

Model-building was based on the 2007 data. The

2008 data were used for model validation and for
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reconstructing the CO2 exchange for the early

summer of 2008. In the minerotrophic plant commu-

nities, measured PG and RECO values coincided well

with modelled values in both years. In the Ericales–

Pleurozium type, the fit was not as good; and for

RECO, the 2008 measured values did not fit the 2007

model (Eq. 5) at all. In order to better represent the

data, we constructed another model for Ericales–

Pleurozium RECO for the early summer 2008 (Eq. 6).

The models are adapted from, and the response

functions are discussed in detail in, Tuittila et al.

(2004) and Riutta et al. (2007b).

PG BS;T ;CS ¼ PMAX �
PPFD

k þ PPFD
� ð1� expð�a

� VGAÞÞ

� exp �0:5 � ðTair � Topt airÞ2

T2
tol air

 !
ð1Þ

PG EP ¼ PMAX �
PPFD

k þ PPFD
� ð1� expð�a � VGAÞÞ

� exp �0:5 � ðTair � Topt airÞ2

T2
tol air

 !

� exp �0:5 � ðT30 cm � Topt 30 cmÞ2

T2
tol 30 cm

 !
ð2Þ

In Eqs. 1 and 2, PPFD is the photosynthetic photon

flux density, VGA is the vascular green area, Tair is the

air temperature and T30 cm is peat temperature at a

depth of 30 cm. Parameter Pmax is the maximum light-

saturated photosynthesis rate and the parameter k is

equal to the PPFD at which photosynthesis rate is half

of its maximum. Parameter a is the initial slope of the

saturating function. Parameter Topt_air denotes the

temperature optimum for photosynthesis and Ttol_air

the temperature tolerance (deviation from the optimum

at which PG is 60% of its maximum). Equation 1

describes the photosynthetic response of Carex–Scor-

pidium flarks, Trichophorum tussock flarks and Bet-

ula–Sphagnum lawns, as well as the photosynthetic

response of Ericales–Pleurozium strings in the early

summer of 2008 (E-P08). Equation 2 describes the

photosynthetic response of Ericales–Pleurozium

strings (E–P) in 2007. It is similar to Eq. 1 but has an

additional Gaussian response to T30 cm, Topt_30 cm and

Ttol_30 cm, denoting optimum and tolerance, respec-

tively. The model parameters for the different plant

community types are shown in Table 1.

RECO BS;T ;CS ¼ R10

� exp b � 1

Tref � T0

� 1

Tair � T0

� �� �

� 1

1þ exp �WT�b2

b3

� �þ v � VGA

ð3Þ

RECO EP07WT ¼ RWT0

� exp �0:5 � ðT10 cm � Topt 10 cmÞ2

T2
tol 10 cm

 !

� expð�w �WTÞ
ð4Þ

RECO EP07frost ¼R10

�exp �0:5� ðT10cm�Topt 10cmÞ2

T2
tol 10cm

 !

�exp b� 1

Tref �T0

� 1

T5cm�T0

� �� �
ð5Þ

RECO EP08 ¼ R10

� exp b � 1

Tref � T0

� 1

T5 cm � T0

� �� �
ð6Þ

In Eqs. 3–6, Tair is the air temperature, T5 cm and

T10 cm are the peat temperatures at depths of 5 and

10 cm, respectively, WT is the water level and VGA

is the vascular green area. In Eqs. 3, 5, and 6, the

respiration response to Tair or T5 cm is described with

the exponential function from Lloyd and Taylor

(1994). Parameter R10 is the respiration rate at 10�C

Table 1 Gross photosynthesis model (Eqs. 1, 2) parameter

values (and their standard errors) and coefficient of determi-

nation (R2) in different plant communities

B–S, T, C–S E–P

Pmax 2559 (537) 1634 (399)

k 202.5 (32.2) 191.4 (66.8)

a 0.93 (0.24) 1.36 (0.61)

Topt_air 25.5 (3.5) 19.1 (0.6)

Ttol_air 16.3 (4.3) 7.4 (0.8)

Topt_30 cm – 11.1 (1.2)

Ttol_30 cm – 9.0 (1.4)

R2 74.8 55.9

C–S Carex–Scorpidium flarks, T Trichophorum tussock flarks,

B–S Betula–Sphagnum lawns (Eq. 1), E–P Ericales–

Pleurozium strings (Eq. 2)
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when WT is non-limiting and VGA is zero, b is the

activation energy divided by the gas constant, Tref is a

reference temperature, set at 283.15 K and T0 is the

temperature minimum at which respiration reaches

zero, set at 227.13 K (Lloyd and Taylor 1994).

Equation 3 describes the respiration response of the

Carex–Scorpidium, Trichophorum and Betula–

Sphagnum types. Parameter b2 is 50% of the

maximum respiration when other factors are not

limiting, b3 denotes the slope determining the speed

and direction of change in RECO through the water-

level range. Equation 4 describes the respiration

response of Ericales–Pleurozium strings (E–P) when

the peat was unfrozen and the water-level data were

thus available. It has a Gaussian response to T10 cm:

the parameter Topt_10 cm denotes the temperature

optimum for ecosystem respiration and Ttol_10 cm

the temperature tolerance (deviation from the opti-

mum at which RTOT is 60% of its maximum).

Parameter RWT0 is the respiration rate when temper-

ature is not limiting and WT is zero. Parameter

w denotes the initial slope of the WT function.

Equation 5 describes the respiration response of E–P

when the peat is still frozen: it includes both the

Gaussian response to T10 cm and the exponential

Lloyd and Taylor response to T5 cm. Equation 6

describes the respiration response of E–P in the early

summer of 2008. The model parameters for the

different plant community types are shown in

Table 2.

Reconstructing CO2 exchange over the growing

season

To derive a growing season estimate for CO2

exchange based on the chamber measurements, and

to examine within-season changes in plant commu-

nity CO2 dynamics, we applied the models for

reconstructing PG and RECO from early June to

September 2007 with a 30-min time step.

As VGA is a crucial control of the community

CO2 exchange, any difference in VGA between the

study plot communities (the sample) and that com-

munity type in the mire would cause a large error in

the CO2 balance of the community type (see also

Riutta et al. 2007b). Indeed, we observed differences

between the vascular plant cover of the community

types as estimated for the study plots on July 20, 2007

and the vascular plant cover estimated in the 2006

vegetation inventory. We attribute the differences to

random sampling error, to our study plot selection

where sites with large shrubs were not selected for

operational reasons, and to the damage caused by the

metal collar installation and repeated measurements

to plants with wide-ranging root systems, such as

Betula nana, Salix spp., Ledum palustre and Empe-

trum nigrum. Regarding the observed vascular plant

cover relation, we derived a correction coefficient

that we applied to the VGA data in the reconstruction.

To acknowledge the differences in VGA between

the study plot communities and the community types

in the mire we made the reconstruction in three

different ways: 1) using the original VGA and WT

data from the study plot plant communities, 2) using

the original WT data from the study plot plant

communities but applying a correction coefficient to

VGA based on the vegetation inventory data and 3)

using averaged WT and (corrected) VGA for each

plant community type.

To strengthen our understanding of the crucial

(Aurela et al. 2004) early season CO2 exchange, we

also simulated PG and RECO for June 2008. A half-

hourly reconstructed NEE was calculated as the differ-

ence between PG and RECO. We present a net uptake of

CO2 to the ecosystem as positive NEE values and a net

loss of CO2 to the atmosphere as negative values.

Continuous air temperature and PPFD data were

obtained from the weather station at the site. A

continuous VGA was derived from the VGA models

or from the interpolated VGA data. The water level in

Table 2 Ecosystem respiration model (Eqs. 3–6) parameter

values (and their standard errors) and coefficient of determi-

nation (R2) in different plant communities

C–S,

T, B–S

E–P (WT) E–P

(frost07)

E–P

(08)

R10 134 (30) – 377 (48) 407 (16)

b 401(48) – 451 (127) 362 (31)

w – 0.023 (0.008) – –

RWT0 – 122 (68) – –

v 285 (37) – –

b2 -9.2 (2.5) – – –

b3 -7.5 (1.4) – – –

Topt_10 cm – 10.9 (0.77) 9.2 (0.8) –

Ttol_10 cm – 4.9 (0.93) 6.01 (1.19) –

R2 84.5 57.9 54.4 –

C–S Carex–Scorpidium flarks, T Trichophorum tussock flarks,

B–S Betula–Sphagnum lawns (Eq. 3), E–P Ericales–

Pleurozium strings (Eqs. 4–6)
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the study plots was linearly interpolated between

measurement days. The peat temperature in strings at

a depth of 5 cm was obtained from temperature

loggers (i-buttons, Dallas Semiconductor Corp.) for

the growing season of 2007. The peat temperature at

a depth of 30 cm in 2007 was linearly interpolated

from manual measurements, while for June 2008 the

information was obtained from temperature loggers

(i-buttons, Dallas Semiconductor Corp.). Those peat

temperatures that were not obtained from the loggers

were reconstructed from the air temperature and

measured peat temperatures.

Based on the community-level CO2 exchange

estimates and the area proportions of the different

plant community types, derived from the vegetation

inventory, we estimated the net CO2 exchange per

average square metre at the Kaamanen mire for the

growing season of 2007 and for the early growing

season (May 29 to June 26) of 2008.

Statistical testing

We applied ANOVA to test if plant community types

differ in their biotic and abiotic conditions and in

their responses to controlling factors. We tested the

significance of the differences in water table position

and VGA between the four plant community types

using one-way ANOVA of repeated measures and

Tukey’s post hoc test. We tested the significance of

the difference in the PG model parameters between

the plant community types with a t-test. We tested the

significance of the differences in PG, RECO and NEE

between the plant community types using one-way

ANOVA and Tukey’s test.

Results

Plant community types in the mire

Based on the species composition, the vegetation in

the Kaamanen mire was classified into Ericales–

Pleurozium string tops (E–P), Betula–Sphagnum

string marginal areas (B–S), Trichophorum flarks

(T) and Carex–Scorpidium wet flarks (C–S) (Table 3;

Fig. 1). Communities formed a compositional con-

tinuum along a moisture gradient (the first DCA axis

in Fig. 2). In the moss layer, brown mosses such as

Scorpidium scorpidioides dominated the wet end of

the gradient. Brown mosses were replaced by

Sphagnum and finally, in the dry end of the gradient,

feather mosses dominated. As for vascular plants, the

wet part of the gradient from Carex–Scorpidium

community to Betula–Sphagnum community was

dominated by different sedges, while the dry end,

the Ericales–Pleurozium community, was dominated

by dwarf shrubs. According to CCA, these types

explained the variation in vegetation in a statistically

significant way (Monte Carlo test, p = 0,002). The

division to four plant community types explained

22.8% of the variation in the vegetation data.

Water level in different plant community types

The vegetational differences between the types were

coupled with differences in environmental variables,

especially water level and ground frost. Taking into

account the small sample size, the water table

difference between the types was clear (Fig. 3;

Table 4). Most of the differences were significant

Table 3 Plant communities in the Kaamanen mire derived from the TWINSPAN analysis (n of vegetation sample plots = 255) and

the plant species on which the partitioning was based

First partition Second partition

Strings n = 67

Rubus chamaemorus, Ledum palustre

Ericales–Pleurozium n = 51 (string tops)

Vaccinium, Empetrum nigrum, Lichenes, Pleurozium schreberi, Rubus chamaemorus

Betula–Sphagnum n = 16 (string marginal areas)

Carex, Eriophorum vaginatum, Sphagnum warnstorfii, Betula nana

Flarks n = 188

Scorpidium scorpioides

Trichophorum n = 63 (flark tussocks)

Trichophorum cespitosum, Campylium stellatum, Betula nana

Carex–Scorpidium n = 125 (wet flarks)

Scorpidium scorpioides, Carex limosa

Table orientation matters: the middle types are more similar to each other than outermost types
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(p \ 0.05) (Table 5), while the differences between

Trichophorum community and the other minero-

trophic communities were not as evident (p B 0.1)

(Fig. 3; Table 5). The differences in water level

reflect the morphology of the mire (Fig. 1). The

strings had ice lenses inside them until late July.

Vascular green area in different plant community

types

Similarly to species composition (Fig. 2), the com-

munities formed a continuum in respect of leaf area

extent (Table 4; Fig. 4a, b) and plant functional

group composition (Fig. 4c). The vascular green area

decreased from the driest Ericales–Pleurozium type

towards the wettest Carex–Scorpidium type (Fig. 4).

The plant communities formed two groups regarding

significant differences in the corrected VGA

(Table 5): in the Ericales–Pleurozium and Betula–

Sphagnum plant community types VGA was signif-

icantly larger than in the wet Trichophorum and

Carex–Scorpidium community types (Table 5). Moss

cover was denser in the dryer communities: average

moss coverage was 44% (SE ± 16) in the Ericales–

Pleurozium type, 54% (SE ± 26) in the Betula–

Sphagnum type, 11% (SE ± 4.2) in the Trichopho-

rum type and 5.0% (SE ± 2.0) in the Carex–Scorpi-

dium type. The Ericales–Pleurozium type was

dominated by evergreen dwarf shrubs and Rubus

chamaemorus, the Betula–Sphagnum type by decid-

uous dwarf shrubs and sedges, and the Trichophorum

and Carex–Scorpidium types by sedges (Fig. 4c).

The dwarf shrub VGA showed little temporal

variation during the growing season. The sedge VGA

showed pronounced seasonal dynamics: it followed

the same kind of loglinear curve in all plant

community types with sedges, reaching its peak on

average on July 21, 2007.

frost table

water table

Ericales-Pleurozium

Betula-Sphagnum

Carex-Scorpidium
Trichophorum

0

10
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40
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60

70

cmFig. 1 A schematic cross-

section of a string, showing

the small-scale distribution

of the plant community

types. The presentation is

based on frost and water-

table measurements in late

June 2008. For an aerial

photograph of the study site,

see Aurela et al. (1998)
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Fig. 2 DCA ordination of

the plant species and

communities in the

Kaamanen mire. Axis 1

represents the water table

gradient of the Fig. 1. The

two DCA axes together

explain 19% of the species

distribution
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Fig. 3 Water table in the

measured Ericales–

Pleurozium (E–P), Betula–

Sphagnum (B–S),

Trichophorum (T) and

Carex–Scorpidium (C–S)

plant communities (and

standard deviation, n = 4).

Water table in the one

Ericales–Pleurozium study

plot where water table could

be measured (no frost)

during the growing season

(E–P#1)

Table 4 (a) Mean water level relative to moss surface during

the growing season of 2007 (WT), average VGA on July 21

(growing season peak), and reconstructed photosynthesis (PG),

photosynthesis per unit VGA (PG/VGA), ecosystem respiration

(RECO) and net ecosystem exchange (NEE) in the study plots

(n = 16) and standard deviations describing the variation

between study plots (in brackets). (b) VGA, PG, RECO and NEE

in the study plots when correction coefficients, based on the

vegetation inventory, are used to lift each study plot VGA to

the level of the mire in average. The differences between the

study plots of each plant community type remain. Standard

deviations (in brackets) describe the variation between study

plots. (c) VGA, PG, RECO and NEE in the plant communities of

the Kaamanen mire when environmental variables (WT, VGA)

are averaged within each plant community type. For VGA, in

brackets, standard errors derived from the vegetation inventory

(n = 255). For PG, RECO and NEE, error range, i.e. minimum

and maximum, derived from these standard errors

E–P B–S T C–S

(a) Study plots

WT, mean -72 (9) -16 (7) -4 (3) ?5 (5)

VGA (July 21) 1.34 (0.26) 0.68 (0.24) 0.58 (0.21) 0.22 (0.08)

PG /VGA (mg CO2 m-2 h-1) 709 (60) 1393 (112) 1461 (60) 1435 (35)

PG (mg CO2 m-2 h-1) 815 (143) 752 (202) 629 (108) 244 (71)

RECO (mg CO2 m-2 h-1) 968 (230) 695 (195) 442 (96) 160 (47)

NEE (mg CO2 m-2 h-1) -153 (72) 56 (75) 188 (46) 84 (40)

(b) Study plots, VGA corrected

VGA (July 21) 1.53 (0.30) 1.25 (0.44) 0.46 (0.17) 0.34 (0.12)

PG (mg CO2 m-2 h-1) 857 (139) 1125 (247) 528 (96) 355 (99)

RECO (mg CO2 m-2 h-1) 968 (230) 985 (289) 389 (85) 215 (63)

NEE (mg CO2 m-2 h-1) -111 (50) 140 (73) 140 (47) 140 (49)

(c) Environmental variables averaged within each plant community type, VGA corrected

VGA (July 21) 1.53 (0.09) 1.25 (0.10) 0.46 (0.07) 0.34 (0.02)

PG (mg CO2 m-2 h-1) 924 1159 533 407

min/max 904/943 1046/1257 498/567 385/429

RECO (mg CO2 m-2 h-1) 881 998 385 226

min/max 881/881 900/1095 369/403 216/236

NEE (mg CO2 m-2 h-1) 43 161 147 181

min/max 23/62 145/162 130/164 169/193
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CO2 exchange in different plant community types

Measured net CO2 exchange

The measured net carbon dioxide exchange in the study

plots varied between -1200 and 900 mg CO2 m-2 h-1.

The largest instantaneous CO2 uptake fluxes were

measured in the Betula–Sphagnum and Ericales–

Pleurozium types, while the net CO2 exchange in the

Carex–Scorpidium type was always close to zero

(Fig. 5). The most negative instantaneous net CO2

exchange was measured in the Ericales–Pleurozium

type. Measured chamber fluxes were within the same

range or smaller than the measured eddy covariance

fluxes, which is for a large part explained by the fact

that VGA was smaller in the study plots than in the

mire in general (Table 4).

Modelled CO2 exchange responses

The plant community photosynthesis (PG) in the

Kaamanen mire was controlled by the photosynthetic

photon flux density (PPFD), the vascular green area

(VGA) and the air temperature (Eqs. 1, 2); Ericales–

Pleurozium PG was also affected by peat temperature

at a depth of 30 cm (Eq. 2). The ecosystem respira-

tion (RECO) was controlled by temperature, water

level, and VGA (Eqs. 3–6).

Although the actual controlling factors for photo-

synthesis and ecosystem respiration were approxi-

mately the same in all the plant communities, the

communities could be divided into two groups based

on the relative importance of the controlling factors

and their response shapes. By response shapes we refer

to model equations and parameter values presented in

Eqs. 1–6 and Tables 1 and 2. We distinguished two

functional components in the mire: an ombrotrophic

component (Ericales–Pleurozium strings) and a min-

erotrophic component (other plant community types).

The two most important spatially variable factors

controlling CO2 exchange at the Kaamanen mire were

WT and VGA. These controlled CO2 exchange differ-

ently in the Ericales–Pleurozium community type than

in the three other plant community types. Also

temperature responses differed.

RECO response to WT was of different shape in the

Ericales–Pleurozium community type than in the

other three plant community types (Fig. 6). WT also

explained a smaller part of the data variation in the

Ericales–Pleurozium plant community type (Fig. 6).

When examined separately, the RECO water level

responses for the minerotrophic communities

differed, but when combined, a linear (Betula–

Sphagnum), a nonexistent (Trichophorum) and an

exponential (Carex–Scorpidium) water response

merged into one sigmoidal water response (Fig. 6).

Table 5 Results from Tukey’s post hoc test, presented as p-values

WT VGA, study plots VGA, corrected

B–S T C–S B–S T C–S B–S T C–S

E–P \0.001* \0.001* \0.001* 0.005* 0.001* \0.001* 0.671 \0.001* \0.001*

B–S 0.077 0.005* 0.699 0.036* 0.002* 0.002*

T 0.100 0.222 0.991

PG RECO NEE

B–S T C–S B–S T C–S B–S T C–S

Study plots

E–P 0.916 0.284 \0.000* 0.127 0.003* \0.001* 0.007* \0.001* 0.003*

B–S 0.615 0.001* 0.167 0.002* 0.100 0.946

T 0.010* 0.111 0.235

Study plots, VGA corrected

E–P 0.129 0.052 0.003* 0.999 0.005* 0.001* 0.002* 0.002* 0.002*

B–S 0.001* \0.001* 0.004* 0.001* 1.0 1.0

T 0.437 0.593 1.0

Significant differences marked with an asterisk
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For the minerotrophic component, RECO has the often-

used shape (Tuittila et al. 2004; Riutta et al. 2007a, b)

with an exponential temperature response from Lloyd

and Taylor (1994), and a sigmoidal water response.

The Ericales–Pleurozium model responses are some-

what more unorthodox, with obscure optimum-

(a)

(b)

(c)

Fig. 4 Vascular green area

in the plant community

types. a Modelled VGA for

the study plots (line).

Average measured study

plot VGA (scatterplots) and

standard deviation (error

bars, n = 4). b Modelled

VGA corrected to represent

the average community type

VGA in the mire. Standard

deviation for each plant

community type derived

from the vegetation

inventory (error bars).

c Measured VGA 11th July,

2007, divided into

functional groups
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shaped temperature responses, possibly reflecting

peat moisture or some other factors, rather than

temperature.

PG per unit VGA was substantially lower in the

Ericales–Pleurozium plant community type than in

the other plant communities (Table 4). For the other

plant community types the variation in VGA was,

apart from PPFD, the main control for PG, while for

the Ericales–Pleurozium community type tempera-

ture and possibly moisture factors were more

important.

In PG, we could fit models of the same shape

separately to all the plant community types and then

test the differences in the parameter values between

the community types statistically. The models fol-

lowed the form of Eq. 1 except that we used a linear,

not a saturating VGA response. We tested the

ecophysiological model parameters: the shape of the

PPFD response (k), the air temperature optimum

(Topt_air) and tolerance (Ttol_air). All differences

between the model parameters were clearly insignif-

icant (p C 0.83), which we consider as evidence for

the use of the combined model for the three

minerotrophic plant community types.

We also tested the difference in the model param-

eters between the collective minerotrophic plant com-

munity PG model (Eq. 1; Table 1) and the

ombrotrophic PG model (Eq. 2; Table 1). The model

parameter Pmax was significantly lower in the Ericales–

Pleurozium model compared to the model for the other

plant communities (p = 0.036). The air temperature

optimum (Topt_air) was lower (p = 0.060) in the

Fig. 5 Measured carbon dioxide exchange (NEE) in 2007 in

Ericales–Pleurozium, Betula–Sphagnum, Trichophorum and

Carex–Scorpidium plant community types. Positive values

denote carbon uptake, negative values carbon release from the

ecosystem. Daytime (local winter time 8 a.m.–4 p.m.) eddy

covariance flux is presented as a reference

Fig. 6 Ecosystem respiration (RECO) relative to water table in

the Kaamanen mire in the Ericales–Pleurozium (E–P), Betula–

Sphagnum (B–S), Trichophorum (T) and Carex–Scorpidium

(C–S) plant community types
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Ericales–Pleurozium model than in the minerotrophic

model, only 19�C, and tolerance (Ttol_air) larger

(p = 0.039). The impact of ground frost was included

in the ombrotrophic PG model through the peat

temperature at a depth of 30 cm. Low temperatures

in the deep peat were found in connection with low

photosynthesis.

The measured values in 2007 and the data from June

2008 that we used for model validation coincided well

with the modelled values (Fig. 7). The photosynthesis

and ecosystem respiration models were based on data

from one growing season only, but the explaining

power (R2) of the models, especially for the minero-

trophic types, was good (Tables 1, 2) and validation

with the early growing season 2008 data showed a good

fit. In the Ericales–Pleurozium model the explaining

power (R2) was lower and there was more unexplained

variation (Tables 1, 2).

CO2 exchange reconstructed over the growing season

The most important factors controlling CO2 exchange

in the minerotrophic component, i.e. peat aerobic

volume (a control of ecosystem respiration) and

vascular green area (a control of photosynthesis),

increased from the wet Carex–Scorpidium plant

community type towards the driest Betula–Sphagnum

type. When the VGA was corrected to the level of the

mire in general, two significantly different groups of

plant communities appear regarding environmental

factors and gross CO2 exchange (Tables 4, 5). In

Ericales–Pleurozium and Betula–Sphagnum commu-

nities peat aerobic volume, VGA, PG and RECO were

significantly larger than in the wet Trichophorum and

Carex–Scorpidium communities (Figs. 3, 4; Table 5).

The resulting NEE, however, was the same for all

three minerotrophic communities (Table 4), whereas

Fig. 7 Comparison of the

observed and modelled

values. Gross

photosynthesis (PG)

(Eqs. 1, 2; Table 1) and

ecosystem respiration

(RECO) (Eqs. 3, 4–6;

Table 2) of the

ombrotrophic Ericales–

Pleurozium (E–P) plant

community and the

minerotrophic Betula–

Sphagnum (B–S),

Trichophorum (T) and

Carex–Scorpidium (C–S)

plant communities. Note the

different scales in the

RECO figures
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the ombrotrophic Ericales–Pleurozium NEE differed

significantly (Table 5).

The large RECO in the ombrotrophic Ericales–

Pleurozium plant community is the result of the large

aerobic peat volume (Table 4). The VGA in the

Ericales–Pleurozium community was also the largest

of the plant community types. However, as the

Ericales–Pleurozium PG per unit leaf area was

considerably less efficient than for the minerotrophic

types (Table 4), the resulting NEE was not as high as

that in the minerotrophic communities (Fig. 8b).

All plant community types functioned as CO2

sinks in the reconstruction of the growing season of

2007. The minerotrophic plant community types were

efficient sinks, while the CO2 balance for the

ombrotrophic Ericales–Pleurozium type was close

to zero.

CO2 exchange in the whole mire

The extrapolated CO2 exchange for the whole mire

ecosystem followed approximately the same dynam-

ics as the CO2 exchange measured with the eddy

covariance method (Fig. 8a). Both the PG and RECO

rates were lower, however, than the eddy covariance

results, except for the early growing season. The

largest differences in NEE between the two estimates

take place at peaks of high NEE (Fig. 8a). As a result

of these differences, the total growing season CO2

balance extrapolated from the chamber measurements

is lower than the balance given by the eddy covari-

ance measurements (Fig. 8b).

When daily NEE measured with the eddy covari-

ance technique and daily NEE extrapolated from the

chamber results were plotted against average PPFD

(Fig. 9), it appeared that PPFD response, as measured

by the eddy covariance technique, varied within the

growing season. Most days the eddy covariance

results match with the chamber results, but on

17–20 days in the peak growing season the response

followed a different, yet consistent, pattern (Fig. 9).

On the 17 differing days marked in Fig. 9, 117 g of

CO2 is fixed according to eddy covariance result,

which is 49% of the total CO2 uptake in the growing

season 2007. In the chamber extrapolation the uptake

during those 17 days is only 50 g.

(a)

(b)

Fig. 8 Reconstructed

a daily net carbon dioxide

exchange and b growing

season 2007 net and gross

carbon dioxide exchange in

Ericales–Pleurozium (E–P),

Betula–Sphagnum (B–S),

Trichophorum (T) and

Carex–Scorpidium (C–S)

plant community types and

in the mire on average (ch

for chamber measurement

reconstruction, ec for eddy

covariance results). Positive

values denote CO2 uptake,

negative values CO2 release

from the ecosystem into

the atmosphere

338 Biogeochemistry (2011) 104:325–345

123



Discussion

Minerotrophic communities appear to be stronger

sinks than the ombrotrophic community

The pattern that emerged, in which the minerotrophic

plant communities (Carex–Scorpidium, Trichopho-

rum and Betula–Sphagnum) in the Kaamanen mire

were efficient sinks for CO2 whereas the ombro-

trophic Ericales–Pleurozium community CO2 balance

was close to zero, coincides with the results from

previous studies in northern Fennoscandia. Similarly

to our study, Heikkinen et al. (2002) found flarks and

strings with Betula nana to be CO2 sinks, while

strings without Betula nana were CO2 sources.

Likewise, in a study by Nykänen et al. (2003) at a

palsa mire not far from Kaamanen, palsa surfaces

with sparse vegetation were CO2 sources, whereas

flarks and palsa surfaces with shrub vegetation were

CO2 sinks. Bäckstrand et al. (2008) found a similar

pattern at a palsa mire in subarctic Sweden: Erio-

phorum sites took up considerably more CO2 than

palsa sites (Bäckstrand et al. 2008; Fig. 8).

The minerotrophic component: functionally

similar communities replacing each other

along a water-table gradient

The differences in photosynthesis and ecosystem

respiration between the minerotrophic plant

community types were solely due to the environ-

mental gradients in water level and leaf area. The

pattern is similar to that observed by Laine et al.

(2007) in an oceanic blanket bog. Our results showed

that a range of different minerotrophic plant commu-

nity types, although fairly different in their species

composition, water level and vascular green area, can

be similar in their photosynthetic and respiration

responses, and show similar dynamics in their CO2

exchange. Furthermore: when combined, some appar-

ently differing responses may merge into a logical,

collective pattern. This was the case for the water-

level responses in the Kaamanen fen, just as it was for

the water-level responses in the blanket bog studied

by Laine et al. (2007, Table 6b).

The spatial variation in mire plant community

composition is linked to variations in photosynthetic

and respiration responses (Bubier et al. 2003; Riutta

et al. 2007b). Using tools such as TWINSPAN, we can

divide the ecosystem into qualitatively and quantita-

tively distinct plant communities. But how many

divisions should we make, how many different com-

ponents do we have to study separately to understand

the system, and how many different models or

parameterizations must we construct to describe the

ecosystem processes reliably? Williams et al. (2006)

found, in their study of an arctic catchment in Alaska,

that tussock tundra sites situated at different points of a

topographical gradient could be described with the

same photosynthesis and respiration models, whereas

shrub and sedge sites had different temperature and

light responses. Laine et al. (2009) found that in a

northern boreal mire called Kiposuo, models param-

eterized for the entire mire produced growing season

estimates that were within the uncertainty range of the

results from models parameterized by taking into

account different levels of spatial variation. The

Kiposuo mire is situated a mere 6 km north-east of

the Kaamanen fen, but differs from it in having uniform

surface topography and exclusively minerotrophic

plant communities.

The ombrotrophic component: cut

off from the fen system

There has been a lot of research on the spatial

variability of CO2 exchange at more southern peat-

lands in the boreal and temperate zones, some also in

aapa mires. The height of the Kaamanen strings

Fig. 9 Net carbon dioxide exchange (NEE, diurnal sum) and

average hourly PPFD, as measured by the eddy covariance

method (ec) and upscaled from the chamber results (ch). The

differing ec data points, marked with x, are the following days:

July 6–9, 11, 13, 16–23, 29 and August 4, 19
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makes their CO2 exchange different from the hum-

mocks of these studies. Previously studied hummocks

on aapa mires (Moore 1989; Bubier et al. 1998;

Riutta et al. 2007b) have usually had a water level of

from -20 to -30 cm and been Sphagnum-domi-

nated, resembling the Betula–Sphagnum community

type in this study.

Ericales–Pleurozium strings are, due to their

height, cut off from contact with flowing mire water

(Fig. 1). They are not part of the same water-level

gradient: the water level does matter for ecosystem

respiration, but the response is different (Eqs. 3, 4;

Fig. 6). In studies on peatland carbon exchange, the

usual procedure for including soil moisture in the

models is by measuring the water level relative to the

moss surface. This approach has produced plausible

models with good R2s (Bubier et al. 2003; Tuittila

et al. 2004; Riutta et al. 2007a). However, Lafleur

et al. (2005) found only a weak relationship between

ecosystem respiration and water-table depth in the

temperate Mer Bleue bog.

The peatlands in the studies by Bubier et al.

(2003), Tuittila et al. (2004) and Riutta et al. (2007a)

are fens with a water table varying between -35 and

?5 cm (Burrows et al. 2005 for the peatland in

Bubier et al. (2003), -48 and ?10 cm (Tuittila et al.

2004) and -45 and 0 cm (Riutta et al. 2007a) below

moss surface. In the Mer Bleue bog, water table

varied between 30 and 75 cm below the hummock

tops (Lafleur et al. 2005), a range similar to that of

Kaamanen strings (Fig. 3). Both in the Mer Bleue

bog and Kaamanen fen, there was only a weak

control of water level on ecosystem respiration. In

Mer Bleue and probably also in Kaamanen, the

connection of water level to surface peat moisture

was weak (Lafleur et al. 2005), due to hummock/

string height. Silvola et al. (1996) found in their study

on soil CO2 emission from 26 peatland sites that the

relative increase in ecosystem respiration was

reduced when the water table fell below 30 cm. In

simulations of the carbon exchanges of Mer Bleue,

the Peatland Carbon Simulator (Frolking et al. 2002)

predicted that there is very little contribution to RECO

from the peat layer below -35 cm, even when the

water table is quite deep. Our observation on RECO

response to water level in the Kaamanen mire (Fig. 6)

coincides with these results. Surface peat temperature

played a central role in the Ericales–Pleurozium RECO

models (Eqs. 4–6). This is again similar to the results

from Mer Bleue (Lafleur et al. 2005) where peat

temperatures at depths of -5 and -10 cm were

observed to follow a similar temporal trend as RECO.

Soil moisture is a control for both ecosystem

respiration and photosynthesis (e.g. Illeris et al.

2004). The unusually low temperature optimums in

all ombrotrophic models and the existence of a

temperature optimum in the respiration models could

relate to evapotranspiration and peat moisture. Eco-

system respiration as such increases with temperature

increase in all known soils (Lloyd and Taylor 1994;

Bekku et al. 2003).

The linkage between the vascular green area and

PG did not work in the same way as for the

minerotrophic component, due to the differences in

the functional traits of the plants (Table 3; Chapin

and Shaver 1989, Table 3, calculated from Chapin

et al. 1980): minerotrophic communities are domi-

nated by sedges and deciduous shrubs with a high

photosynthetic capacity per unit leaf area, while

Ericales–Pleurozium communities consist mainly of

evergreen shrubs with a low photosynthetic capacity.

In the Kaamanen string community, we observed

large variations in both photosynthesis and respira-

tion within the growing season, some of which

remains unexplained.

This could relate to moss and dwarf shrub photo-

synthesis. Mosses have a clear, species-specific mois-

ture optimum for photosynthetic capacity (Dilks and

Proctor 1979): moss photosynthesis in mires is largely

controlled by surface peat moisture. The photosyn-

thetic capacity of cold climate evergreen dwarf shrubs

has been observed to show large variations, even

during the growing season (Karlsson 1985; Lundell

et al. 2008), which could be a result of water stress

during summer (Karlsson 1985) or of some other, yet

unidentified, limiting factor overriding temperature

during the summer months (Lundell et al. 2008). Our

results are, however, contrasting to several previous

studies where mire communities dominated by ever-

green plants have been more stable in their CO2

dynamics (Leppälä et al. 2008), as well as more

resistant to drought (Bubier et al. 2003; Riutta et al.

2007a) than communities dominated by graminoids.

Rather than to more southern fen hummocks, the

Kaamanen strings have a functional resemblance to

palsas. Ground frost remains in the surface peat until

late July, and the subarctic climate with its low

temperatures and continuous radiative forcing poses
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challenges to the plants. The vegetation zonation of

palsas studied by Tsuyuzaki et al. (2008) in their

preliminary study in northern Alaska was similar to

that of the Kaamanen mire: Vaccinium vitis-idaea on

the top areas, Sphagnum spp. on intermediate loca-

tions and Carex aquatilis on the bottom areas. The

top areas showed extremely low water content at the

time of measurement in early August (Tsuyuzaki

et al. 2008). Tsuyuzaki et al. (2008) concluded that

the vegetation zonation of palsas was determined by

the water content of the peat and duff layers, rather

than by the water level. The same could apply to CO2

exchange, as in Mer Bleue (Lafleur et al. 2005). On

mineral soil in the high Arctic, the spatial variability

in soil moisture has been proposed as the primary

driver of NEE (Sjögersten et al. 2006). We postulate

that the string CO2 uptake, both PG and RECO, were

partly controlled by a factor or factors we did not

measure, such as surface peat moisture.

The discrepancy between eddy covariance

and chamber results

The eddy covariance (EC) method gives us continuous

direct measurements of CO2 fluxes averaged on an

ecosystem scale, whereas the whole-mire reconstruc-

tion based on chamber measurements is derived from

measurement data that has a very limited coverage in

space and time. In addition, the main focus of interest,

NEE, is in the chamber method a small difference

between two very large fluxes. This means that

relatively small errors or deviations between plant

communities in reconstructed PG and RECO can

become very large in reconstructed NEE. Despite the

potentially large uncertainties, good match between

eddy covariance and chamber results has been reached

in several previous studies on mire CO2 exchange (e.g.

Laine et al. 2006; Riutta et al. 2007a).

The difference between the Kaamanen EC results

and chamber reconstruction results originates from

days with unusually high NEE relative to average

PPFD (Fig. 9). During the early growing season both

in 2007 and 2008 the EC results and the chamber

reconstruction match very well (Fig. 8a) but in the

peak growing season large discrepancies occur. The

17 days marked in Fig. 9 comprise one fifth of the

measurement period (94 days) but are responsible for

half of all EC measured CO2 uptake in the growing

season of 2007. The procedure of reconstructing CO2

exchange over time is based on the assumptions that

all the factors controlling CO2 exchange are included

in the model and that the model responses do not

change during the growing season. These assump-

tions do not seem to be true for Kaamanen in the

growing season of 2007.

The largest uncertainties in our models occur in

the models for the ombrotrophic string component,

the Ericales–Pleurozium plant community type. The

CO2 exchange responses are more complicated in

the Ericales–Pleurozium plant community than in

the minerotrophic plant communities where PG is

straightforwardly determined by VGA and by water

table position (Lafleur et al. 2005). The large VGA

and aerobic peat volume (low WT) can potentially

bring about large CO2 fluxes, either uptake or release,

should the conditions such as moisture or photosyn-

thetic capacity of the plant leaves be favorable. The

sites of the studies where good match between eddy

covariance results and chamber reconstruction has

been found (Laine et al. 2006; Riutta et al. 2007a)

lack the kind of high microforms (WT \ -40)

present in Kaamanen. It would therefore be tempting

to attribute the discrepancy between eddy covariance

results and chamber reconstruction to the ombro-

trophic component of the mire. In the lack of further

studies, however, the source of the discrepancy

between eddy covariance and chamber results

remains unidentified.

Kaamanen strings: bog islands

in the minerotrophic fen

Minerotrophy–ombrotrophy, or the fen-bog func-

tional dichotomy, is the key division in peatland

ecology (Rydin and Jeglum 2006). Minerotrophic

systems, or fens, are dominated by species with a

high nutrient demand, a short leaf life span and high

leaf photosynthetic capacity. By contrast, ombro-

trophic bogs are dominated by species with a low

nutrient demand, a long leaf life span and low leaf

photosynthetic capacity (Rydin and Jeglum 2006).

Generally, in the long term course of development,

fens are gradually transformed into bogs when

invading Sphagnum mosses form thick peat that

isolates the vegetation from minerogenic waters

(Rydin and Jeglum 2006). This successional gradient

of mires can be observed by paleoecological methods

(e.g. Tuittila et al. 2007) or from chronosequences of
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different-aged mires (Klinger and Short 1996; Lep-

pälä et al. 2008). In the within-mire scale, the

succession does not proceed in a uniform way in

different surfaces. Aapa mires are combinations of

wet, nutrient-rich, fen-like flarks and dry, nutrient-

poor, bog-like strings. Strings in the Kaamanen mire

can be perceived, judged by their evergreen vegeta-

tion and peat thickness, as bog islands in a minero-

trophic fen. Bogs and fens show important

differences in their CO2 exchange dynamics. Leppälä

et al. (2008) showed, in a mire chronosequence in

Finland, that the compositional differences in the

vegetation of bogs and fens were linked to differences

in CO2 dynamics. This was also true on the miniature

scale for the Kaamanen mire.

Ward et al. (2009) found, in their plant removal

experiment, that the presence of ericoid dwarf shrubs

had a suppressing effect on short-term carbon cycling

at a peatland site. Graminoids assimilate CO2 at a

greater rate than dwarf shrubs or bryophytes (Ward

et al. 2009) because of their acquisitive evolutive

strategy compared to the conservative strategy of

ericoid dwarf shrubs (Lavorel and Garnier 2002).

Indeed, in a successional gradient on the Finnish coast

of the Gulf of Bothnia (Leppälä et al. 2008), young

graminoid-dominated sites assimilated more CO2 than

old sites with a larger proportion of evergreen vege-

tation. In Russia, too, marshes and fens have been

found to have higher C accumulation than bogs (Botch

et al. 1995), and in Canada, Bubier et al. (1999) found

that sedge-dominated fens sequestered more CO2 than

mires dominated by shrubs.

Several studies on the spatial variation in mire

CO2 exchange have revealed the importance of the

functional differences between plant communities.

Our results suggest that the robust division between

ombrotrophic and minerotrophic ecosystems, or eco-

system components might be sufficient in describing

the functional patterns.

Early growing season processes

Aurela et al. (2004) observed the timing of snow melt

to be the most important single determinant of the

annual CO2 balance in the Kaamanen fen, affecting

through the June CO2 balance. Snow melts in

Kaamanen in the period Apr 20–May 23 (Aurela

et al. 2004), so the mechanism mediating the effect

has to involve a time lag.

Based on our results here, the time-lag mechanism

that causes this pattern is different in the minero-

trophic and ombrotrophic mire components. After

snowmelt, two processes start at the Kaamanen fen.

First, in the minerotrophic mire component, sedge

and deciduous shrub leaf growth begins when the

snow and ice melts, but it takes some time for the

VGA to grow. Second, the removal of the snow

insulation allows the sun’s radiative warming to start

to melt the ice cores inside the strings. Where frost or

other lack of water does not impede, evergreen plants

can start photosynthetizing immediately following

snow melt (Bubier et al. 1998; Moore et al. 2006), or

even before that (Lundell et al. 2008). Kingsbury and

Moore (1987) proposed that string plants suffer from

transpiration stress in the early growing season frost

conditions. Our results support this view: ground

frost, included in the model through the peat

temperature at a depth of 30 cm, had a negative

impact on photosynthesis in the ombrotrophic (string)

component. It is common for evergreen plants to

down-regulate their photosynthetic capacity in times

of low temperature and ground frost (Öquist and

Huner 2003; Harris et al. 2006; Lundell et al. 2008).

Implications

There has been an ongoing debate among plant

community ecologists around the framework referred

to as the ‘Holy Grail’ in ecology: whether it is

justified to use plant functional traits, rather than

species identities, to generalize complex community

dynamics and predict the effects of environmental

changes (Lavorel and Garnier 2002; Dorrepaal 2007;

Suding and Goldstein 2008). Our results imply that,

at least for the CO2 dynamics of the Kaamanen

subarctic minerotrophic mire, functional classifica-

tion serves its purpose well. Communities dominated

by graminoids and deciduous shrubs respond to

environmental factors in a uniform way, which is

different from the response of communities domi-

nated by dwarf shrubs. Essentially, the community

functional type composition of the Kaamanen mire

reflects the within-mire variation in hydrological

conditions and nutrient status.

When estimating CO2 fluxes on a landscape scale,

plant functional types are simple to observe and

widely used in land surface models (LSMs) (Wil-

liams et al. 2009). If minerotrophic mire types were
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observed to behave in a consistent way also on a

wider scale, good ecophysiological, process-based

CO2 flux estimations could be built for them using

remote sensing data of plant functional types, tem-

perature, water level and vascular green area. The

results could be applicable to large, remote areas in

Siberia and high-latitude North America with similar

vegetation (Tsuyuzaki et al. 2008). The area of wet

minerotrophic plant community types is currently

increasing in the region of discontinuous permafrost

in North America, as the melting of string permafrost

creates wet depressions in the terrain (Halsey et al.

1995). Due to the large production by Sphagnum

mosses and sedges, the CO2 absorption of these wet

surfaces is substantially more efficient than that of the

permafrost formations, which are dominated by forest

mosses and dwarf shrubs (Turetsky et al. 2007). Our

study confirms that wet minerotrophic mire types can

be considerable CO2 sinks. This can be of importance

to the world carbon balance in the altered conditions,

under which ombrotrophic permafrost ecosystems

melt into wet minerotrophic ecosystems.
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