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Abstract

We used the chamber method to measure growing season ecosystem carbon

exchange and ecosystem respiration in Finnish alpine tundra. The average ecosystem

respiration in the sites was 0.8–0.9 mmol m22 s21 and the daytime net ecosystem

exchange (NEE) was around 20.4 to 20.5 mmol m22 s21. There were no detectable

differences in cuvette-based net ecosystem exchange or ecosystem respiration

between grazed fell areas and long term reindeer exclosure. Further analysis showed

that net carbon exchange as well as ecosystem respiration were significantly

correlated with the dwarf shrub cover, while the proportion of lichen cover (Cladina

sp.) was not correlated with ecosystem carbon exchange. Clipping experiments

showed that about half of the measured ecosystem respiration was heterotrophic.

Plots that had been protected from reindeer grazing had almost two times higher

above-ground plant biomass than grazed plots. The reason for this was 86% lower

lichen biomass on the grazed side of the fell, while the biomass of Ericaceous dwarf

shrubs did not differ even though there were changes in species composition.

Surprisingly, the proportion of bare ground did not differ due to grazing pressure,

but the reduction in biomass lead to a less stratified vegetation cover.

DOI: 10.1657/1523-0430(07-035)[SUSILUOTO]2.0.CO;2

Introduction

Reindeer and caribou, which both belong to the same species

(Rangifer tarandus L.), are widely distributed in the northern

hemisphere. In Fennoscandia and Russia, reindeer pastures cover

over 3,700,000 km2 and reindeer can also be found in Mongolia,

China, Alaska, Canada, and Greenland. The total number of

reindeer in the world is about 1.8 million (Turi, 2002). While

reindeer densities seem to be low compared to animal densities in

more intensively managed pastoral systems, the productivity of

taiga and tundra ecosystems is very low. Consequently changes in

vegetation are easily observable and many regions, e.g. in northern

Fennoscandia, are considered to be overgrazed.

The traditional grazing system in northern Fennoscandia is a

non-rotational free grazing system with fairly low animal densities

(,1.5 animals km22 in Finland [Turi, 2002]). During winters

reindeer graze mostly on felltops since the snow depth is lower

there than in the forest. These felltops have a sparse and specific

vegetation structure that differs from the vegetation in lower

forests. In spite of the low animal densities, these felltop

ecosystems have been overgrazed for a long time (Wielgolaski,

2002). The number of reindeer in Finland started to rise from

100,000 in the 1940s (Bernes, 1996), and it was around 210,000 in

1993 and 187,000 in 2001 (Jernsletten and Klokov, 2002). The

preferred winter feed of reindeer is lichens, which during winters

make up over 40% of the food, and the success of over-wintering

depends on the availability of these lichens (Warenberg et al.,

1997). Grazing may also have a profound effect on the soil

temperature due to changes in soil albedo if the white lichen cover

is removed.

Grazing can have a substantial effect on the primary

production of ecosystems even at moderate levels (Schlesinger et

al., 1990; Pastor et al., 1993). It can change the composition of

species, as grazers usually favor certain species with low C/N

ratios, high productivity and digestibility (Zimov et al., 1995), and

low concentration of defense chemicals (Hobbie, 1992). It is

usually thought that the highest productivity in most ecosystems is

sustained by moderate grazing pressures (Ricklefs, 1990), even

though some studies do not support this idea (Olofsson et al.,

2001). In the nutrient-poor continental tundra heath ecosystems,

fast growing grass species do not form an essential part of the

species composition even under moderate grazing pressure, and

Olofsson et al. (2001) concluded that in these areas graminoids are

replaced by dwarf shrubs in the diet of many grazers. Grazing

could have a substantial effect on the carbon balance of the felltop

ecosystems due to the grazing-induced changes on the species

composition and living biomass.

Carbon balance of an ecosystem is measured as the small

difference of two large fluxes: the carbon assimilation through

photosynthesis and carbon losses through respiration. At late

successional stages, carbon fixation and ecosystem respiration do

usually balance (e.g. Lindroth et al., 1998). Besides using carbon

for growth of the above-ground biomass, plants allocate

significant amounts of carbon to the root systems for root growth

and maintenance (Högberg et al., 2001). A large proportion of this

carbon is released to the atmosphere from soil through respiration

by roots, root mycorrhizal fungi, and other soil microorganisms

(Gaudinski et al., 2000; Chapin and Ruess, 2001).

In this study we determine the impact of reindeer grazing on

the vegetation structure and carbon exchange of felltop ecosystems

in eastern Finnish Lapland. We measure the differences in species

composition and above-ground biomass of vegetation, growth,

ecosystem respiration, and net ecosystem exchange on ungrazed

and grazed sites of fell fields. We hypothesize that grazing changes

the vegetation composition of the fell fields. We also hypothesize

that ecosystem respiration on fell fields is higher on ungrazed sites
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than on grazed sites due to higher biomass and productivity.

Finally, we will investigate how soil respiration is divided between

roots and microbial respiration and what is the temperature

dependency of respiration.

Materials and Methods

SITE DESCRIPTION

The measurements were conducted in Värriö Nature Park,

which is located close to the Russian border in Finnish Lapland.

Lowlands in the park are covered by taiga (main species Pinus

sylvestris L. and Picea abies Karst.). Upper slopes of the hills are

covered by mountain birch forest (Betula pubescens ssp. czerepa-

novii L.) with some scattered P. sylvestris trees forming the

uppermost tree limit; felltops are treeless. Treeline is around 470 m

a.s.l. The area has been considered to be overgrazed for a long

time even though the grazing pressure has slightly decreased

during the last 15 years. The Nature Park is a part of Northern-

Salla reindeer owners’ association, where the density of reindeer is

2.3 km22 (data for 1998; Maa-ja Metsätalousministeriö, 1999).

Annual mean precipitation in the area is about 600 mm and

average annual mean temperature 21 uC (at Värriö research

station, altitude 380 m). The climate in the Värriö area is

subcontinental and the soil has no underlying permafrost. The

growing season in the area (mean monthly temperature .5 uC)

lasts for 4 months. The average temperature during the growth

season (June to August) in the area was 12.6 uC in 2002 and

11.9 uC in 2004. The annual precipitation during 2002 was

580 mm and during 2004 was 530 mm. Our study was carried

out on two fells, Nuortti and Värriö, which are located inside the

Nature Park. The felltop of Nuortti (67u479N, 29u429E, altitude

481 m) overtops the treeline, and it represents a kind of a

‘‘political’’ grazing exclusion experiment. This fell is divided by a

fence to prevent reindeer from crossing the border to Russia. The

Russian side of the fence has been essentially ungrazed (the nearest

Russian reindeer herding areas in the Kola Peninsula are almost

100 km east [Nieminen, 1983], and wild reindeer densities are very

low) since the fence was built in the 1940s (Väre et al., 1996; Stark

et al., 2002), where as the Finnish side has been grazed at high

reindeer densities since the 1960s and at lower densities before then

(Bernes, 1996). Due to this we have an opportunity to study the

long-term effects of grazing on the vegetation structure and the

carbon balance of the fell ecosystems.

The Värriö–fell chain is situated about 11 km south of

Nuortti. Our measurements were done on peak two of the Värriö

fells (67u439N, 29u369E, altitude 475 m). The fell just overtops the

treeline. The area where soil respiration was measured was

treeless, while there exist scattered trees elsewhere on the felltop

(at slightly lower altitudes).

EXPERIMENT 1: EFFECTS OF GRAZING ON VEGETATION

STRUCTURE AND CARBON EXCHANGE

Vegetation analyses (biomass and coverage of each species)

were carried out during summer 2002. Species frequencies were

analyzed as percentage of cover from 50 cm 3 50 cm plots in mid-

July on both sites (20 plots on Nuortti on each side of the fence,

and 80 plots on Värriö-fell). Biomasses were measured from 30 cm

3 30 cm plots and the vegetation was divided into mosses, lichens,

annuals, grasses, and to new (ongoing year) and old growth of

dwarf shrubs. The dry weights of each group were measured after

drying them for 20 hours at 60 uC. Biomass was harvested three

times from Värriö-fell: on 5–9 June, 1–7 July, and 7–11 August

2002 (10 plots during each month); and once, on 12–16 July 2002,

on Nuortti (10 plots from each side of the fence). In calculations

the area of block-scree (including the area, which was covered by

thin lichen coverage [usually from rock covering species]) was

accounted for in the biomass calculations. We assumed that scree

was bare of vegetation, since we observed only thin and

discontinuous lichen cover on the blocks.

We measured ecosystem respiration (CO2 efflux from soil

surface and the plants) and net ecosystem exchange on Nuortti

and Värriö fells during summer 2004. On Nuortti the first

measurement campaign was carried out on 8 May and the second

one on 4 June. After this the measurements were repeated at ten

day intervals. On Värriö the first campaign was done on 14–15

May and the second on 10 June, after which the measurements

were repeated at ten day intervals. The last measurements were

done on 31 August on Värriö and on 6 September on Nuortti.

During the respiration measurements a closed dynamic

chamber (volume 0.0076 m3, covered with aluminum foil) was

placed on PP polypropylene collars (diameter 20.3 cm), which

were permanently installed on the soil in the spring 2002 to 4 cm

depth. Twelve collars were situated on each side of the fence on

Nuortti-fell and 12 collars on Värriö-fell. CO2 concentration in the

chamber was measured with an EGM-4 infrared gas analyzer

(PPSystems, Hertfordshire, U.K.) connected to the chamber

(diameter 195 mm, height 255 mm). The EGM-4 was calibrated

before the measurements using a 400 ppm standard calibration

gas with 1% accuracy (AGA, Lidingö, Sweden) and during the

measurements the EGM-4 was zeroed after every sixth measure-

ment to ensure the stability of the CO2 reading. We monitored the

increase in carbon dioxide concentration during a period of five

minutes and during that time the analyzer recorded the carbon

dioxide concentration of air five times. These five readings we used

to calculate the slope of CO2 concentration with time using linear

regression. The pressure pulse generated in the soil upon the

chamber placement was attenuated through a hole, 30 mm in

diameter, on top of the chamber. The hole was closed with a

rubber septum immediately after the chamber was placed on the

collar.

Net ecosystem exchange (NEE) was measured in varying light

conditions during daytime with the same method as the ecosystem

respiration, but by using a transparent chamber having the same

dimensions as the respiration chamber. Each collar was measured

once, with both dark and transparent chamber, during each

measurement day. As the solar elevation in these latitudes is high

during summer and the upper edge of the collars was only 2 cm

above-ground, the vegetation was not significantly shaded during

the NEE measurements. Possible pressure increase within the

chamber headspace resulting from temperature increase was

balanced with a small three-way valve (BD ConnectaTM Stopcock,

Beckton Dickinson, New Jersey, U.S.A.) connected on the side of

the NEE chamber with a 200 cm PVC tube with 5 mm inner

diameter. The valve was kept open while the chamber was on the

collar to enable pressure equilibrium between the outside and

inside of the chamber.

We also measured the soil temperature at 2 cm depth with a

portable digital thermometer (manufacturer Suomen lämpömittari

Oy, Finland) during each measurement. We determined the

coverage of each species in the middle of the growing season

from each collar. Soil moisture was measured during each

measuring campaign by collecting five 5-cm-thick soil samples

(the humus layer was removed) weighing 100–300 grams each. The

samples were sealed in plastic bags until weighed and dried at the

station during the same day, to prevent any loss of moisture. The

samples were dried at 105 uC for 24 hours. The soil humidity was
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calculated as a percentage value from the fresh and dry weights of

the samples.

EXPERIMENT 2: SOIL AUTOTROPHIC AND

HETEROTROPHIC RESPIRATION

The contribution of soil respiration to total ecosystem

respiration was studied with a trench-plot method during the

summer of 2004. In the beginning of June 2004, we established

four measurement plots on Nuortti on both Russian and Finnish

sides of the fence. Root respiration was measured using a

trenching method. Above-ground vegetation was removed from

the collars by clipping. The roots growing into the collars were cut

by digging a 15- to 20-cm-deep trench around the vegetation-free

area. In addition, we established four similar control plots without

plant and root exclusion. Respiration was measured from the

collars during four measurement campaigns: before trenching,

immediately after trenching, and one and two months following

the trenching. From now on, the respiration measured from

collars where vegetation was left intact, is called ‘‘ecosystem

respiration,’’ whereas respiration measured without vegetation is

called ‘‘soil respiration.’’

The relative change in respiration rate (PR) after trenching

and removal of vegetation was calculated as

PR~ C1
�T2ð Þ= C2

�T1ð Þ, ð1Þ

where C1 5 respiration in control group before the trenching, C2

5 respiration in control plots at a given measurement time, T1 5

respiration of the clipped group before the trenching, and T2 5

respiration of the clipped group at a given measurement time.

STATISTICAL ANALYSES

Statistical analyses for carbon exchange and biomass

data were done with Systat and R statistical software packages.

Differences were tested by analysis of variance (ANOVA).

Correlations between carbon exchange and vegetation cover

were calculated using a t-test for statistical comparisons

between treatments. Canoco for Windows 4.5 was used in the

non-linear canonical correlation analysis (CCA) for the analysis of

vegetation data. Q10 values were calculated by the following

equation:

R~a�Q10
T=10ð Þ, ð2Þ

where a is constant (mmol m22 s21), R 5 respiration (mmol

m22 s21), and T 5 soil temperature (uC) at 2 cm at a given moment.

To calculate the effect of reindeer exclusion and bare ground

on soil temperature we used the Linear Mixed Effect model using

measurement date as a random variable. The calculations were

done with the R 2.4.1 Statistical Software Package (R Develop-

ment Core team, 2007) and the NLME library (Pinheiro et al.,

2007). The soil temperature measurements were done simulta-

neously with the ecosystem respiration measurements, and there

were 12 points in each measurement group.

Results

1. EFFECTS OF GRAZING ON VEGETATION STRUCTURE

AND CARBON EXCHANGE

Reindeer grazing changed the above-ground biomass and

composition of the vegetation. The total biomass was almost

double on the ungrazed side of the fence (Table 1). The main

impact of the grazing on the structure of the vegetation was a

reduction in the lichen biomass (Cladina sp. and Cladonia sp.)

which was 355 g m22 (70% of all the biomass) in the ungrazed

area and 50 g m22 in the grazed area (Table 1). The difference was

statistically significant at p , 0.001 using a t-test. Grazing had,

also, a small effect on the composition of dwarf shrub species

(Table 2) and on the amount of mosses (Table 1). The area

covered by Vaccinium vitis-idea (L.) was significantly higher on the

grazed side of the fence on Nuortti (t-test, p , 0.001), while

Arctostaphylos uva-ursi (L.) was more common on the ungrazed

side of the fence (p , 0.05; Table 2, Fig. 1). Other differences in

the plant cover data of different species were not significant. An

analysis of similarity (ANOSIM in the Vegan package of R using

the Bray distance) (Oksanen, 2005) showed that the grazed sites

(Nuortti grazed and Värriö) differed significantly from each other

(p , 0.001, r 5 0.20). A Canonical Correspondence Analysis

showed that these differences were statistically significant (p ,

0.01). However, the eigenvalues of the first two eigenvectors

explained only 12.6% of the species variance (Fig. 1). Most of the

species favored by grazing were deciduous while evergreen shrubs

were more dominant on the ungrazed side. The mass of dwarf

shrubs was almost equal on both sides of the fence on Nuortti; on

the grazed area 204 g m22 and on the ungrazed 228 g m22 (the

difference was not statistically significant according to Tukey’s

test). The lichen and moss biomasses were almost two times larger

on the grazed Värriö-fell than on the grazed side of the Nuortti-

fell, but as the amount of dwarf shrubs was clearly lower on the

Värriö-fell, the difference in the total biomass between these two

grazed sites was less than 2/3. The growth of above-ground

biomass during the growing season on Värriö was about 70 g m22

(Fig. 2). The area covered by bare ground did not increase due to

grazing (Table 2), but the total vegetation cover was higher

(calculated as the sum of area covered by each species in each

measured plot) on the ungrazed site (average 1.27 m2 m22) than

on the grazed site (average 1.01 m2 m22).

The average ecosystem respiration during the measurements

on both Värriö and Nuortti was about 0.8–0.9 mmol -

CO2 m22 s21. There were no statistically significant differences

between the sites (Fig. 3). Reindeer grazing did not have a

significant effect, neither on the daytime NEE nor on the

ecosystem respiration rate (Fig. 3). A Tukey test showed that

there were no differences in the ecosystem respiration between the

grazed and ungrazed collars on the Nuortti-fell. There was a

correlation between the percentage of dwarf shrub cover and

ecosystem respiration (R2 5 0.22, p , 0.01, when the results from

both fells were used in the calculations), even though the

correlations calculated separately for each site were smaller

(Fig. 4b, Table 3). Also NEE was correlated (in each fell site p

TABLE 1

Biomass distribution on Värriö-fell and on Nuortti-fell.

Lichens (g m22) Mosses (g m22) Graminoids (g m22) Annuals (g m22) Dwarf shrubs (g m22) Total biomass (g m22)

Nuortti, grazed 50.2 27.2 3.3 0.0 204.0 281.0

Nuortti, ungrazed 355.3 2.8 2.2 0.0 228.5 550.0

Värriö 86.0 45.6 1.2 0.1 75.3 208.2
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, 0.02, correlation of all sites was R2 5 0.69) with dwarf shrub

cover (Fig. 4a, Table 3). (Note that we define NEE using the

atmospheric definition, where negative NEE values mean a carbon

sink and positive a carbon source.) There was a positive

correlation between NEE and lichen cover (Fig. 4c, Table 3) and

a weak negative correlation between ecosystem respiration and

lichen cover (Fig. 4d, Table 3). These relations may be a result of

the negative correlation between dwarf shrub cover and lichen

cover (R2 5 0.27, p , 0.01, data not presented). Generally, the

daytime NEE measured by cuvettes on both fells was negative

(Fig. 3), showing that daytime photosynthesis was higher than

daytime respiration.

Soil moisture did not have a significant effect on average daily

carbon exchange in any of the sites (Figs. 5a–5c). Soil moisture

values were also always comparatively high. Also soil temperature

measured at 2 cm depth did not affect on average daily NEE, but

it did have a positive effect on ecosystem respiration (p , 0.05 on

ungrazed side of Nuortti and on Värriö; Figs. 5a–5c).

2. SOIL AUTOTROPHIC AND

HETEROTROPHIC RESPIRATION

The relative respiration rate in clipped collars declined by

about 50% during the first week after cutting the vegetation on

Nuortti (Fig. 6). One month after clipping, soil respiration started

to increase on Nuortti, even though there was variation in

respiration between the measurement dates.

Ecosystem respiration correlated with soil temperature at

2 cm depth (Fig. 7). The Q10 values for the sites were 1.70 for plots

on Värriö fell and 2.00 for grazed and 2.33 for ungrazed side on

Nuortti (Table 4). Mean soil temperature during the ecosystem

respiration measurements measured at 2 cm depth was higher in

measurement points situated on bare ground than in plots, where

vegetation was intact on Värriö (14.8 uC and 13.5 uC, respectively;

Table 4). It was also higher on the grazed side of the fence of

Nuortti (13.7 uC [grazed] and 13.1 uC [ungrazed]). According to

the Linear Mixed-Effects Model the differences in temperature

were statistically significant between the grazed and ungrazed sites

of Nuortti (p , 0.001). The results between bare ground plots and

the plots where vegetation was left intact were also statistically

significant on Värriö (p , 0.001). Also the variance of temperature

at 2 cm depth was higher in the bare ground plots than in the plots

where vegetation was intact on Värriö (0.8 and 0.17) and on the

grazed than on the ungrazed side of Nuortti (0.68 and 0.51;

Table 4). The highest correlation between soil temperature and

ecosystem respiration was observed on the ungrazed side of

Nuortti (R2 5 0.40; Fig. 7).

Discussion

We found that grazing changed strongly vegetation structure

of the fell ecosystems, but that it did not have an influence on the

carbon exchange of the vegetation. We think that this paradox can

be explained by the fact that some functional groups fix carbon

and grow actively, while other groups have a large biomass, but

low rates of photosynthesis and growth.

Grazing had a profound effect on the abundance and biomass

of lichens, while changes in other biomass components were quite

small. Nevertheless, the total biomass on grazed plots was only

half of the biomass of ungrazed plots. Manseau et al. (1996) found

that caribou grazing and trampling removed more than 90% of the

lichen mat, which is very close to our value of 85% reduction of

the lichen biomass. It is likely that the lower level of lichens in the

grazed area on Nuortti compared to Värriö was due to higher

grazing pressure, as grazing pressure is known to be higher next to

the reindeer fence (e.g. Oksanen, 1978).

The results of Manseau et al. (1996) showed that the biomass

of vascular species is clearly reduced under high grazing pressure

by caribou in northern Canada. Though, according to our results

and results of Kumpula et al. (2004), the total biomass of dwarf

FIGURE 1. CCA analysis for study sites. Triangles refer to
places as follows: V2 is the Värriö fell, N. graze is the grazed part of
Nuortti, and N. ungra is ungrazed part is of Nuortti. Circles in the
figure describe species as follows: Vmyrt = Vaccinium myrtillus,
Dicran = Dicranum sp̧Vvitisid = Vaccinium vitis-idea, Vulig =
Vaccinium uliginosum, Lboreali = Linnaea borealis, Auvaursi =
Arctostaphylos uva-ursi, Aalpinus =Arctostaphylos alpinus, En-
igrum = Empetrum nigrum, Lground = lichens on ground. The eigen
value of first eigenvector explains 8.4% of the species variance and
the second eigenvector explains 12.6% of the species variance.

FIGURE 2. Biomass growth on Värriö during growing season
2002 (June describes the situation before growth has begun).
Biomass of annuals was less than ,0.02 g m22.
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shrubs is not reduced due to grazing in Finland, even though there

are some changes in species composition. Vaccinium uliginosum,

which benefited strongly from grazing, is one of the main forage

plants of reindeer during summertime (Kumpula et al. 2004). Also

Vaccinium myrtillus is an important forage species of reindeer, but

it seems to tolerate well, or according to Kumpula et al. (2004),

even benefit from strong summertime grazing, though this was not

true in our study area. Also Manseau et al. (1996) discovered that

some food plants of reindeer can benefit from grazing pressure.

They found that grazing increased the covered ground area of

Vaccinium uliginosum, whereas the ground area covered by

Vaccinium caespitosum (Michx.), another foraged species, de-

creased clearly. These small differences in the non-lichen species

composition between grazed and ungrazed sites can occur either

due to the direct effect of grazing and trampling (Oksanen and

Virtanen, 1995), due to reduced amount of allelopathic extracts

produced by lichens (Brown and Mikola, 1974), or as a result of

changed microclimatic conditions in the soil (Herder et al., 2003).

According to Kumpula et al. (2004), grazing should also decrease

the biomass of mosses, which was not the case in our study site. In

fact, in our site mosses seemed to benefit substantially from

grazing, most likely due to decreased competition with lichens.

Also, reindeer urine and feces are known to increase the

availability of nitrogen, which might have an effect on the species

composition (Stark et al., 2002).

In spite of the large changes in the vegetation composition,

carbon dioxide exchange did not differ between grazed and

ungrazed areas of the fell. The dependence of NEE on dwarf shrub

cover was evident on the Nuortti-fell. This suggests that dwarf

shrubs dominate the carbon exchange of the system. As grazing

did not have an impact on the dwarf shrub coverage of these areas,

grazing could be considered ‘‘carbon neutral’’ in these ecosystems.

Daytime NEE depended positively and respiration negatively on

lichen cover on both our study sites. There was a negative

correlation between NEE and dwarf shrub cover (implying higher

daytime carbon sinks on dwarf shrub–dominated areas) and a

positive correlation between respiration fluxes and dwarf shrub

cover (implying higher respiration rates). This implies that the

influence of dwarf shrubs outweighed the influence of lichens on

carbon exchange, since the coverage of these two groups correlate

negatively with each other. Even though lichens formed a

dominant part of the living above-ground biomass on the

ungrazed tundra ecosystem (with more than 60% of the total

above-ground biomass), they did not seem to exchange much

carbon with the environment.

Photosynthesis rates of lichens are highly variable and depend

mostly on their water content. Groulx and Lechowicz (1987) and

Kärenlampi (1970) found that maximal photosynthesis rates of

well-wetted Cladina stellaris are around 1.1–2.2 1027 g

CO2 g21 s21, while most vascular plants have rates that are

usually higher than 7.5 1027 g CO2 g21 s21 (Niinemets, 1999).

Lichens are also poikilohydric plants and they dry out rapidly

after rainfall events. Due to this, their photosynthetic capacity

depends highly on their relative water contents. In wind tunnel

experiments it took only 100 minutes to dry wet Cladina segments

to humidity levels that impaired their photosynthetic capacity,

even though photosynthesis continued at lower levels until the

humidity of lichens was under 10% (Lechowicz and Adams, 1974).

Lechowicz and Adams (1974) showed that the photosynthesis

rates per unit mass of lichen segments decline with lichen age (or

size) since the inner parts of the lichens have much lower rates of

photosynthesis. While these measurements certainly underestimate

the time it takes for lichens to dry, since the measurements were

TABLE 2

Species composition on Värriö-fell and on ungrazed and grazed sites of Nuortti, presented as a percentage of covered ground area. If area is
less than 0.5%, the number is replaced by +.

Värriö Nuortti, grazed

Nuortti,

ungrazed Värriö

Nuortti,

grazed

Nuortti,

ungrazed

Empetrum nigrum 15 14 22 Antennaria dioica + + +
Vaccinium vitis-idaea 10 13 6 Trientalis europaea + 0 0

Vaccinium myrtillus 7 1 2 Solidago virgaurea 1 + 0

Vaccinium uliginosum 0 2 1 Hieracium alpinum + + 0

Arctostaphylos alpinus + 7 0 Salix glauca 0 + 2

Arctostaphylos uva-ursi 0 2 7 Deschampsia flexuosa 5 9 6

Lycopodium alpinum 2 1 + Juncus trifidus 1 0 0

Lycopodium annotinum 0 0 1

Polytrichum sp. 6 6 3 Lichens

(on stone)

27 4 8

Dicranum sp. 11 1 + Lichens

(on ground)

39 39 65

Pleurozium schreberi + 0 1

Bryophyta (others) 1 + + Bare rock 19 17 11

Linnaea borealis + 2 3 Bare ground + 2 2

FIGURE 3. Average respiration and net ecosystem exchange in
all study sites.
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done with warm dry air, the data shows that it is not likely that

lichens contribute as much to the production of our fell field

ecosystems as dwarf shrubs do. However, as lichens have high

above-ground biomasses and due to this they contain a significant

amount of carbon, they are an important component of these

ecosystems.

Usually lichens are slow-growing organisms (e.g. Manseau et

al., 1996), though this view has been lately questioned (Herder et

al., 2003). The results in lichen growth rate vary considerably

depending on the habitat and the age of the stand (Kumpula et al.,

2000; Herder et al., 2003; etc.). The growth rates of Cladina and

Cladonia species range between 0.11 and 0.18 g g21 y21 in open

arctic environments in Scandinavia (Cooper and Wookey, 2001;

Herder et al., 2003; Kärenlampi and Kytöviita, 1988). Herder et al.

(2003) also stated that lichens can grow even better in subarctic

heathlands than in forests. This variation in lichen growth can be

explained by varying moisture conditions, which control the

carbon exchange of lichens and due to this, affect greatly the

growth capacity of lichens (Kärenlampi, 1971). Also the age and

condition of the lichen carpet affects the growth rate, as well as the

attendance of grazers (Herder, 2003). Herder (2003) as well as

Kumpula et al. (2000) pointed out that after the grazing is

stopped, the growth rate of lichens may be low for even 20 years,

because harsh environmental conditions inhibit the recovery of

lichen mats. After this initial recovery period, the growth rate of

lichens speeds up. Also the work of Kumpula et al. (2000)

indicated low net growth rates of mature lichen carpets.

When we estimate the total annual biomass production of the

site, we have to take into consideration that there is a large, non-

estimated amount of production underground due to root growth.

We did not measure the root biomass production, thus the actual

production at our sites will be superior to the 70 g m22 y21

estimated for Värriö fell. The annual production of the lichen

component is probably inferior to the production of dwarf shrubs,

FIGURE 4. (a) Correlation be-
tween average net ecosystem ex-
change (NEE) and dwarf shrub
coverage of each cuvette collar.
(b) Correlation between average
ecosystem respiration and dwarf
shrub (%) cover of each cuvette
collar. (c) Correlation between
average net ecosystem exchange
and lichen (%) cover of each
cuvette collar. (d) Correlation
between average respiration and
lichen (%) cover of each cuvette
collar.N = Nuortti, grazed (broad
dashed line), o = Nuortti, un-
grazed (narrow dashed line), and
m = Värriö (solid line). The
statistical calculations for the
images are presented in Table 3.
The correlations were statistically
significant (t-test, p , 0.05)
between dwarf shrub coverage
and NEE on all sites, between
dwarf shrub coverage and respi-
ration on Värriö, and between
lichen coverage and respiration
on Värriö.

TABLE 3

Relationships between dwarf shrub and lichen cover (X, %) and ecosystem respiration and net ecosystem exchange (NEE) (Y, mmol m22 s21)
on Nuortti and Värriö using correlation analysis.

y R2 T test P y R2 T test P

Dwarf shrub cover vs. respiration Dwarf shrub cover vs. NEE

Nuortti, grazed 0.0056x + 0.665 0.21 1.637 . 0,1 20.0196x + 0.3645 0.78 5.888 , 0,001

Nuortti, ungrazed 0.0021x + 0.7806 0.07 0.843 . 0,1 20.0254x + 0.5786 0.84 7.246 , 0,001

Värriö 0.0064x + 0.5842 0.05 2.472 , 0,05 20.0155x 2 0.0276 0.49 3.093 , 0,02

All 0.0051x + 0.661 0.22 3.067 , 0,01 20.0194x + 0.265 0.69 8.673 , 0,001

Lichen cover vs. respiration Lichen cover vs. NEE

Nuortti, grazed 20.0043x + 1.0981 0.17 1.429 . 0,1 0.0102x 2 0.9399 0.29 2.002 , 0,1

Nuortti, ungrazed 20.0062x + 1.397 0.26 1.874 , 0,1 0.0147x 2 1.5293 0.25 1.838 , 0,1

Värriö 20.0037x + 0.953 0.43 2.763 , 0,05 0.0035x 2 0.6696 0.08 0.946 . 0,1

All 20.03x + 1.0243 0.15 2.453 , 0,05 0.0071x 2 0.8437 0.22 3.099 , 0,01
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averaging 5.5 g g21 m22 y21 for the grazed and 40 g g21 m22 y21

for the ungrazed site on Nuortti, when using the lichen growth rate

estimate of Kärenlampi and Kytöviita (1988). We also acknowl-

edge a certain possibility for a bias in our gas exchange

measurements. We did not measure during rain (since our

measurement equipment was not rainproof like most photosyn-

thesis equipment are not), but we frequently visited the site on

days after rain, or interrupted our measurements for the duration

of a rain shower. Therefore, we believe that possible biases are

small and our measurements are representative for the conditions

during our two field summers.

Ecosystem respiration in the area was low. Its mean values

were 0.8–0.9 mmol CO2 m22 s21 in both sites. These results are in

the lower range of previous measurements in arctic and alpine

environments. Solomon and Cerling (1987) estimated soil efflux to

FIGURE 5. Average soil tem-
perature, soil moisture, respira-
tion and net ecosystem exchange
in (A) Nuortti grazed area, (B)
Nuortti ungrazed area, and (C)
Värriö fell during each measuring
day. Symbols: m (dashed line) =
soil temperature (uC), N (solid
line) = soil moisture (%), % (solid
line) = net ecosystem exchange
(mmol m22 s21), and e (dashed
line) = respiration (mmol m22

s21). There were no statistically
significant correlations between
carbon exchange and soil mois-
ture or between NEE and soil
temperature, but soil temperature
had a positive effect on ecosystem
respiration (on Värriö R2 = 0.54
and p , 0.02; on Nuortti, un-
grazed R2 = 0.51 and p , 0.02;
and on Nuortti grazed R2 = 0.36
and p , 0.1). P-values were
calculated using the t-test.

FIGURE 6. Relative change in respiration ratio (Rx) rate during
the clipping experiment in grazed (dashed line) and ungrazed (solid
line) sites of Nuortti. X-axis stands for days after clipping. BC =
before clipping and AC = immediately after clipping. The values are
normalized with respect to the values of unclipped plots as described
in the materials and methods section.

FIGURE 7. Correlation between ecosystem respiration and soil
temperature at 2 cm depth on Värriö and Nuortti during growing
season of 2004 (June–August). Symbols: m (dashed, wider line) =
Värriö (R2 = 0.39), o (dashed line) = Nuortti, ungrazed (R2 = 0.40),
and N (solid line) = Nuortti, grazed (R2 = 0.22).
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be around 1.8 mmol CO2 m22 s21 in alpine grassland in the

United States in August, whereas Billings et al. (1982), who

measured soil respiration in Alaska, observed respiration levels of

2.6 mmol CO2 m22 s21. Elberling and Brandt (2003) measured

soil CO2 flux of 0.2–1.1 mmol CO2 m22 s21 in the middle of a

growing season in Iceland, depending highly on the soil

temperature. Our tundra ecosystem probably has a lower

productivity than the sedge-dominated ecosystems in the Rocky

Mountains and Alaska. Therefore our respiration rates are lower.

The values of Grogan and Jonasson (2005) in a similar tundra

ecosystem seem to be very close to our values (with values around

0.9 mmol m22 s21 at 15 uC).

Daily average ecosystem respiration and NEE did not

correlate with soil moisture, which implies that water is not a

restricting factor for the carbon exchange in the study sites, which

differs from the results of Illeris and Jonasson (1999) who

measured relations of CO2 emissions and moisture conditions in

the Abisco area. There was a correlation with ecosystem

respiration and soil temperature in our study sites, but not with

NEE and soil temperature, which might imply that the soil

respiration is more sensitive to the temperature variations than the

gas exchange of plants and lichens.

Q10 values were about the same for both the grazed and

ungrazed plots. The Q10 values were similar to the values reported

elsewhere in the literature, but substantially lower than the values

of Grogan and Jonasson (2005) who worked in a similar

ecosystem in eastern Sweden. We argue, based on the tables of

Grogan and Jonasson (2005), that their ecosystem might have had

higher soil fertility and a higher proportion of deciduous plants.

Their work took place during the first half of the summer. Since

Q10 values from chamber measurements integrate vegetation

development and responses of vegetation to temperature changes,

their Q10 values might have been lower if their measurements

would have covered the whole growing season, which was the case

in our measurements.

We do not comment on possible differences in the yearly

carbon balance of the fell, since our data was measured during the

summer only. Previous research found that winter respiration

might continue and contribute to the carbon balance of tundra in

a significant way. Although respiration rates during winter are

low, respiration does not stop at wintertime and as winter in these

latitudes is long, even low respiration rates can contribute

substantially to the annual carbon balance (Kähkönen et al.,

2001). The effect of microbial respiration under snow is

particularly important in springtime before the snowmelt, when

the microbial activity contributes significantly to the annual

carbon exchange. For example, Sommerfeld et al. (1993)

discovered that alpine soils have a positive flux of 0.13–

0.16 mmol CO2 m22 s21 during spring time before the snow melt,

and Fahnestock et al. (1998), who measured soil efflux in dry

tundra heath in Alaska, found carbon exchange to be less that

0.16 mmol CO2 m22 s21 before the snowmelt. Also, Grogan and

Jonasson (2005) found that CO2 emissions during winter in

Abisko, Sweden, were significant due to the length of the snow-

covered period.

Respiration declined rapidly after clipping and trenching and

reached a minimum of about half of the initial rate. Then the

respiration of the clipped plots increased slowly. Our interpreta-

tion of the data is that the initial decrease is caused by the death of

roots. The minimum values of soil respiration after clipping are,

therefore, an estimate of the heterotrophic soil respiration. The

final increase results from the start of the decomposition of the

root litter. Previous studies have shown that soil respiration is

responsible for about 50–70% of the total ecosystem respiration in

open arctic or alpine environments (Wohlfahrt et al., 2005;

Grogan and Jonasson, 2005). Our results fit into that range. Even

though soil microbe numbers are high in alpine soils (Körner,

1999), growth and activity of soil microbes in arctic and alpine

environments are slow due to the cold temperatures (Rosswall et

al., 1975). Therefore, decomposition is slower in alpine soils than

in lowland ecosystems (Rosswall et al., 1975; Berg et al., 1975). In

our study site it took at least two months before the post-clipping

soil respiration peaked. The last measurement was two months

after the cutting, so it is possible that the highest point of

microbial respiration would have been even later. This shows that

considerable delays between litter input and peak respiration are

likely in these arctic ecosystems.

In summary, grazing decreased substantially the biomass and

cover of lichens. Carbon exchange of the vegetation and soil to the

atmosphere did not change due to grazing, although the above-

ground biomass was reduced to about half compared to the

ungrazed site. The reason is that the ecosystem carbon exchange is

dominated by the dwarf shrub component of the system. Lichens,

while reaching high biomasses due to their longevity, are relatively

unproductive and do not affect ecosystem carbon exchange very

much. However, it would be important to analyze their role in

ecosystem water and energy exchange, since they seemed to affect

soil energy balance and in this way the soil temperature.
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