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Abstract

Reindeer (Rangifer tarandus L.) are the most important large mammalian herbivores in
Lapland, strongly affecting the dynamics of vegetation by grazing and trampling, and
this is likely in turn to have consequences for the soil processes. We have investigated
the changes occurring in above- and belowground biomasses, and soil C dynamics (CO,
efflux, soil C content, soil microbial biomass) among areas grazed and not grazed by
reindeer. Our study areas are located in the northern boreal subarctic coniferous forest
(undisturbed Scots pine [Pinus sylvestris L.] forests that are naturally lichen-dominated).
Our study showed that grazing by reindeer decreased the biomass and cover of lichens in
the area significantly. Also the tree regeneration was affected by grazing, as we had much
less tree regeneration in the grazed areas. In subarctic mature pine forest, grazing did not
affect the soil temperature or the soil moisture. We found no statistically significant effect
of grazing on the soil CO, efflux, soil C stock, and the soil microbial C biomass. Soil mi-
crobial N biomass was significantly lower in the grazed areas compared to the non-grazed
areas. Our results indicate that in the northern boreal subarctic coniferous forests, grazing
by reindeer can be considered as “C neutral.”
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Introduction

Reindeer (Rangifer tarandus L.) herding is one of the oldest
land use forms in northern boreal zone, and in northern Finland it
is based on the use of natural pastures. The number of reindeer in
northern Finland has changed over the last century and reached its
peak at the beginning of the 1990s (Suominen and Olofsson, 2000;
Vire et al., 1996). Today, there are around 1.5 animals per square
km in Finland (Susiluoto et al., 2008; Jaakkola et al., 2013), and
they graze freely all or most of the year (Kivinen and Kumpula,
2014). Thus, reindeer are the most important large mammalian her-
bivores in Lapland (Oksanen et al., 1995) that can strongly influ-
ence the plant diversity (Vire et al., 1996, 1995). At the same time,
changes caused by reindeer in vegetation have indirect effects on
physical features of the soil, for example, soil microclimate, root
biomass, and also on soil C dynamics (Suominen and Olofsson,
2000; Viisédnen et al., 2014; Vire et al., 1996) and soil organic mat-
ter (SOM) decomposition (Stark et al., 2010). Arctic and boreal
ecosystems cover around 40% of the Earth surface, thus they are
a crucial part of the climate system and C cycle, containing about
60% of the C bound in global forest biomes (Tarnocai et al., 2009).
Climate warming in Arctic may lead to enhanced decomposition
processes in soil, and this, in combination with long-term grazing
that may affect a number of ecosystem properties, can lead to ac-
celerated CO, release from the soils (Visidnen et al., 2014).

The role of reindeer grazing in ground vegetation dynamics
and in soil carbon (C) dynamics has been earlier investigated most-
ly in tundra heaths (Olofsson, 2006; Olofsson et al., 2004; Stark et
al., 2002; van der Wal, 2006). Only a few studies concerning the
influence of reindeer grazing on boreal subarctic coniferous forests
can be found (Olofsson et al., 2010; Stark et al., 2010, 2003, 2000).
Reindeer grazing may have multiple effects on the stand vegetation
and regeneration dynamics—they trample vegetation (Suominen
and Olofsson, 2000; Vire et al., 1996) and graze plants selectively
(Hobbie, 1992; Stark et al., 2002). In his previous study, van der
Wal (2006) pointed out that vegetation diversity and composition in
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tundra is strongly dependent on the reindeer density, and thus also
from grazing pressure—areas with low reindeer density are lichen
dominated, whereas areas with higher reindeer density are moss
or grass dominated. Thus, reindeer grazing has a strong reducing
effect on the biomass of lichens (Akujdrvi et al., 2014; Koster et
al., 2013; Olofsson et al., 2009, 2010; Stark et al., 2000; Suominen
and Olofsson, 2000; Susiluoto et al., 2008). At the same time, the
biomass of Vaccinium sp. dwarf shrubs and mosses may be unaf-
fected by grazing (Stark et al., 2000), or even benefit from grazing
(Susiluoto et al., 2008; Van der Wal, 2006), although they are also
important forage plants for reindeer. The effect of reindeer grazing
on tree regeneration has been found to be negative, meaning there
is less regeneration in grazed areas (Koster et al., 2013; Oksanen
et al., 1995; Suominen and Olofsson, 2000). The subarctic mature
and old Scots pine (Pinus sylvestris L.) forests (over 80 years old)
are highly preferred by reindeer (Kumpula et al., 2007), especially
during the winter because of the higher availability of their main
food source, lichens, on these areas (Kivinen and Kumpula, 2014;
Kumpula et al., 2013). The lower amount of tree regeneration in
grazed areas is also affecting negatively the amount of tree root
biomass and microbial activity in the soil (Vire et al., 1996).

The effect of reindeer grazing on soil moisture and tempera-
ture regimes in the lichen-dominated Arctic ecosystems has been
found to be considerable (Fauria et al., 2008; Olofsson et al., 2010;
Suominen and Olofsson, 2000; Vire et al., 1996). Removing the
lichen carpet and damaging the secondary vegetation mat (pryo-
phyte and vascular plants) make patches of bare soil become com-
mon (Suominen and Olofsson, 2000; Vire et al., 1996), and these
factors in combination with trampling alow for soil to warm up
faster, reach higher temperatures, and the soil moisture content to
be reduced (Vire et al., 1996). All this may affect the CO, efflux
from the soil because temperature and moisture are important fac-
tors regulating the microbial processes in soil (Karhu et al., 2014).
Thus, large herbivores could strongly influence decomposition,
nutrient mineralization, and C dynamics in northern ecosystems
(Cahoon et al., 2012; Hobbie et al., 2002; Olofsson et al., 2009).
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Earlier studies have mostly reported a decrease in soil micro-
bial biomass in areas grazed by reindeer (Stark et al., 2003, 2000;
Vire et al., 1996). Only, Stark et al. (2008) reported no differences
in the microbial biomass between grazed and non-grazed areas.
The effect of grazing on microbial N biomass has also been found
to be variable (Stark et al., 2010, 2003). It is generally accepted
that microbial biomass and activity are positively related to SOM
content, which may be an early and sensitive indicator to distin-
guish changes in soil, caused by management or disturbances (Li
et al., 2004). Controversial results have been achieved from com-
paring the SOM decomposition rates and soil CO, efflux values
between grazed and non-grazed areas. It has been stated, that rein-
deer grazing results in higher SOM decomposition (Olofsson et al.,
2004), which should lead to higher CO, effluxes in grazed areas.
But there are also studies that have shown lower soil CO, effluxes
and litter decomposition in grazed areas (Ohtonen and Vire, 1998;
Stark et al., 2003), or found no differences between the grazed and
non-grazed areas (Stark et al., 2002).

The objectives of this study were to investigate the effects
of reindeer grazing in the northern boreal forests on (1) ground
vegetation biomass in general, (2) ground vegetation structure and
species composition, and (3) tree regeneration. We also wanted to
examine if and how reindeer grazing is affecting the soil C dy-
namics (CO, efflux from the soil, C storage in soil, microbial bio-
mass in the soil), and whether there are changes in soil temperature
between the grazed and non-grazed areas, which could affect the
SOM decomposition and belowground C stocks.

We expected that reindeer grazing reduces the ground vegeta-
tion coverage and biomass, and also the number of tree regenera-
tion. We predicted that due to the reduction of ground vegetation
coverage, the soil temperatures would be higher in the grazed ar-
eas. We also hypothesized that soil CO, efflux and microbial bio-
mass will be higher in the non-grazed areas due to higher above-
and belowground biomasses in these areas, and due to the fact that
the soil in non-grazed areas is not compressed by trampling.

Materials and Methods
STUDY SITES

The measurements were conducted in the northern boreal sub-
arctic coniferous forests, in Virrio Strict Nature Reserve (67°46'N,
29°35’E), in Finnish Lapland. The sites are situated north of the
Arctic Circle, near to the northern timberline, at an average of 300
m altitude. The main tree species in the area is Scots pine, and
the ground vegetation consists of Vaccinium myrtillus, Vaccinium

vitis-ideae, Empetrum nigrum, and Cladina sp. The study area is
located at the zone of the last intact forest landscapes in Fennos-
candia (Potapov et al., 2008), where large areas of relatively undis-
turbed subarctic Scots pine forests can still be found (Kivinen and
Kumpula, 2014). The climate in the area is subcontinental. The
soil has no underlying permafrost: the snow covers the ground for
200-225 days per year, and the length of the growing season is
105-120 days. The average temperature during the growing season
(from June to August) is around 12 °C. Long-term mean annual
precipitation in the area is 592 mm, average annual air temperature
is —1 °C (Susiluoto et al., 2008; Koster et al., 2014), and average
soil temperature (measured in organic layer of the soil) is 3 °C
(Koster et al., 2014). The soil in the area is classified as haplic pod-
sol (FAO, 1990) with sand tills, where the bulk of the mineral soil
is composed of sand, with average pH of 4.4 (Koster et al., 2014).

In order to observe the effects of reindeer grazing on the veg-
etation structure, soil C content, and soil CO, fluxes, we selected
the sites to be used in the experiment from pristine forest areas
from the Virrio strict nature reserve. Such pristine forest areas,
which have not been exposed to forest harvesting or other human
influence, exist only in strict nature reserves. We established the
experiment as a split plot experiment with five plots (sample plots
in Nuortti 1 and Nuortti 2 areas) that were divided into grazed and
non-grazed parts (Table 1). The grazed area directly adjacent to the
fence was not used in the sample plot because it was disturbed, but
the plot’s border was about 10 m from the fence. The plots were sit-
uated along the borderline between Finland and Russia, where the
non-grazed area was excluded from the reindeer grazing already
in 1918 (Stark et al., 2002, 2003), to prevent the Finnish reindeer
from going to the Russian side. There are not many reindeer on the
Russian side of the area (Stark et al., 2002).

STAND CHARACTERISTICS AND GROUND VEGETATION
MEASUREMENTS

To characterize the stands, we established circular sample
plots with an area of 400 m? All trees (starting with height 0.1
m) inside the sample plots were measured. The stem diameter at
1.3 m height, tree height, crown height, and crown diameter were
measured. The diameter for trees lower than 1.3 m was measured
close to the ground. For tree biomass calculations, the formulas of
Repola (2009) were used. On every sample plot, four 0.5 x 0.5 m
ground vegetation squares were established for species composi-
tion and coverage measurements. Ground vegetation biomass was
determined from four sample squares (0.2 x 0.2 m) located sys-
tematically inside the circular sample plots (close to the ground

TABLE 1

Description of the study sites. The column “Composition” denotes the tree species composition (%) in canopy, where Pi = Scots pine,
Sp = spruce, and Bi = birch

Average  Soil water
Trees/  Regeneration/ soil content
ha (trees ha (trees temperature (% in OverallC ~ OverallN  Average soil
higher than  lower than  in growing June/% in Soil storagein  contentin ~CO, efflux (mg

Composition (%) 1.3 m) 1.3 m) season August)  pH soil (@gm?) soil(gm?) CO,m?s")
Nuortti 1 grazed (n=2)  60Pi 36Sp 4Bi 790 500 11.2 19.2/11.6 4.7 23884 57.7 0.142
Nuortti 1 ungrazed (n=2) 45Pi44Sp 11Bi 775 1400 10.9 18.9/10.2 4.6 22313 66.7 0.122
Nuortti 2 grazed (n=3)  98Pi 1Sp 1Bi 583 3490 114 18,1/10.4 43 1420 339 0.112
Nuortti 2 ungrazed (n=3) 95Pi 4Bi 1Sp 598 7100 11.5 18.9/10.8 4.4 1296.2 32.1 0.094
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vegetation squares). For biomass calculations, ground vegetation
was classified into three functional groups—mosses, lichens, and
vascular plant (including dwarf shrubs)—and oven dried at 60 °C.

SOIL CO, EFFLUX AND SOIL C CONTENT

In order to determine the CO, efflux from soil to atmosphere,
manual chamber measurements were performed on six collars at
each sample plot from June until September (five times per collar)
at measuring intervals of two weeks. For CO, efflux measurements,
a portable chamber was used (0.24 m height and 0.22 m in diam-
eter), made of Plexiglas and covered with aluminum foil to keep
the interior dark. The CO, concentration was recorded during a 5
minute chamber deployment time with a diffusion-type CO, probe
(GMP343), and air humidity and temperature were measured with
a relative humidity and temperature sensor (HM70, Vaisala Oyj,
Vantaa, Finland). In addition, soil temperature during the growing
season (from June until September) was measured continuously
on all sample plots at 3 hour intervals with iButton temperature
sensors (Maxim Integrated, San Jose, California, U.S.A.), installed
permanently into the humus layer, under the moss and organic
layer. At each site, the moisture content of the soil (water content
in the soil in percentages) was measured in June and August with
a soil moisture sensor (Trime-Pico 64, IMKO GmbH, Germany).

Background information about air temperature, precipitation,
soil water content changes, and soil temperature was continuously
measured at the Station for Measuring Ecosystem Atmospheric
Relations (SMEAR-I) located 8 km from our sample plots.

We took five soil cores (150 mm in length and 50 mm in di-
ameter) from every sample plot and stored them at 4 °C. In the
laboratory, the soil cores were divided according to the morpho-
logical soil horizons, to litter and organic layer (O-horizon) and
humus layer (A-horizon). The layers in mineral soil were divided
to eluvial (E-horizon) and illuvial (B-horizon), and sieved. All vis-
ible roots were separated (bigger roots by sieving the soil through
a 2-mm sieve and smaller roots by picking) for root biomass cal-
culations. The roots were identified as tree and understory (mainly
dwarf shrubs and grasses) roots and rhizomes based on morphol-
ogy and color. The soil C content was measured with an elemental
analyzer (varioMAX CN elemental analyzer, Elementar Analysen-
systeme GmbH, Germany) after drying the samples in an oven at
105 °C for 24 hours.

SOIL MICROBIAL BIOMASS

Soil microbial biomass was measured from five soil samples
per sample plot. Soil from the lower humus layer was collected
from a rectangular area of 0.25 m? to a plastic bag, homogenized,
and mixed thoroughly. To determine the soil microbial C biomass
(C,,.) and soil microbial N biomass (N_. ) we have used a chloro-
form fumigation direct extraction method described by Brookes et
al. (1985) and Beck et al. (1997). From the soil samples, two sets of
subsamples were prepared (5 g of soil in each), one non-fumigated
sample set and the other for a fumigation experiment. Distilled wa-
ter (1 mL) was added to all tubes and then the tubes were placed in
two separate vacuum desiccators. An amount of 20 mL of chloro-
form was added to one desiccator, and the samples were fumigated
for 24 hours at 28 °C with ethanol-free chloroform vapor. Samples
in the other vacuum desiccator were left untreated. Then the fu-
migated and non-fumigated control samples were placed to cups
with 30 mL of 0.5M K,SO, and shaken for 1 hour (200 rpm). The
extract was filtered (vacuum filtering) through 0.45 um membrane

filter (Pall Corporation, Michigan, U.S.A.), and the solution was
stored at =21 °C until C , and N . analyses. For analyzing the
amount of C . and N . the amount of C (ug g') and N (ug g™') of
samples were measured with Multi N-C TN/TC analyzer (Analytik
Jena AG, Jena, Germany).

STATISTICS

Data were checked for normality with the Shapiro-Wilk test
and logarithm transformation was calculated for the recorded CO,
fluxes. To test the effects of different factors (grazed or non-grazed,
location of sample plot, collar location, seasonal variation in CO,
efflux measurements, root biomass, etc.) on soil CO, efflux, soil
C content, and soil microbial biomass, a generalized linear model
procedure for mixed models (PROC MIXED) was used. Sample
plot and measurements were treated as random factor, while grazed
or non-grazed areas were treated as fixed factor and, in the case of
the location of the CO, efflux measurements, measuring point (col-
lar) was treated as repeated fixed factor. To perform random effect
analysis of variances (to estimate the different components of vari-
ance and observe variations), nested procedure (PROC NESTED)
was used. A Tukey’s HSD (honest significant difference) test was
used for comparison of means. We used linear regressions for test-
ing the relationships of C_ , N . C . to N . ratio, root biomass,
and soil CO, efflux with soil C stock, and soil microbial biomass
with root biomass in soil. We estimated the resolution of our sam-
pling setup (ability to detect a certain difference from the mean)
with the following equation for CO, efflux:

1.960

— 1
N ey

where ACO, is the difference observed from the mean value of the
CO, effluxes in a specific measurement area with 95% confidence
interval, 1.96 is the approximate value of the 95th percentile point
of the normal distribution, ¢ is standard deviation, and n is the
number of measurement collars. Similarly, the same formula was
also used to estimate the difference in soil C, but then the n was the
number of soil samples. All calculations and statistical analyses
used the plot as the experimental unit and a significance level of p =
0.05. All the statistical analyses were performed with SAS version
9.3 (SAS Institute Inc., Cary, North Carolina, U.S.A.).

Results
VEGETATION STRUCTURE

The total ground vegetation biomass (mosses, lichens, and
dwarf shrubs) was significantly higher (p = 0.007) in the non-
grazed area compared to the grazed area (0.938 kg m= [SE + 0.07]
vs. 0.614 kg m™ [SE + 0.09] respectively). When comparing dis-
tinct ground vegetation classes, the main impact of reindeer graz-
ing on the ground vegetation structure was the reduction of the
lichen biomass (Cladina sp. and Cladonia sp.) (Fig. 1). The lichen
biomass was significantly higher (p < 0.05) on the non-grazed site
(0.448 kg m [SE = 0.09]), compared to the grazed site (0.044 kg
m~ [SE =+ 0.02]). The biomass of grasses and dwarf shrubs was
similar in both areas, and the biomass of mosses was slightly high-
er in the grazed areas, but the difference was not statistically sig-
nificant (p > 0.05). The variation in the ground vegetation biomass
was mostly the result of sites (grazed or non-grazed) (56%), while
random error resulted in 44% of the variation.
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The mean stand age in study area was around 150 years.
There was no difference between the areas according to the
number of trees taller than 1.3 m per hectare (Table 1). The dif-
ference between the areas was mostly coming from the amount
of regeneration (the number of trees shorter than 1.3 m), as there
was essentially less regeneration in the grazed areas (Table 1).
The number of regeneration per hectare was significantly (p <
0.05) higher in the non-grazed areas (3291 trees ha™') compared
to the grazed areas (1788 trees ha™).Grazing was also found
to affect the tree diameter distribution among the areas; it was
strongly skewed toward thinner trees in the non-grazed areas
(Fig. 2). There were almost twice as many trees belonging to
the first diameter class in the non-grazed areas compared to the
grazed areas (Fig. 2).

Although there was a difference in the total number of trees
between the compared areas, the total tree biomass varied not sig-
nificantly (Fig. 3). The total tree biomass was found to be slightly
smaller in the non-grazed areas compared to the grazed areas, but
there was no statistical difference (p > 0.05) between the areas.

200 A

# Dwarf shrubs

Not grazed

FIGURE 1. The average ground vegetation (mosses,
lichens, dwarf shrubs) biomass (kg m2) at the sites
grazed and not grazed by reindeer. Error bars
represent SE.

There was also no significant difference in the total root biomass
between the grazed and non-grazed areas (Fig. 3).

ENVIRONMENTAL FACTORS

The average soil temperatures during the measurement pe-
riod (from June until September) were similar in all areas, rang-
ing from 10.9 to 11.5 °C (Table 1). The minimum temperatures
within the growing season were measured in September, when
the temperature dropped down to 2 °C in all study areas. The
maximum temperatures were measured at the beginning of July
almost at midday (at 13:00), and they ranged from 19 to 22 °C
between the areas. There were no differences in daily average
temperatures between grazed and non-grazed areas. There was
also no difference between grazed and non-grazed area when the
water content in the soil was analyzed. The average soil mois-
ture content was higher at the beginning of the summer (in June)
compared to the measurements taken at the end of the summer
(in August) (Tablel). In both areas, the water content in the soil
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FIGURE 2. Distribution of trees according
to diameter classes (diameter in cm) in grazed
and non-grazed areas.
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remained 18.1%—-19.2% in June and 10.2%-11.6% in August
(Table 1). There was also no difference in soil pH between grazed
and non-grazed areas (Table 1).

SOIL CO, EFFLUX, SOIL C STOCK, AND MICROBIAL BIOMASS

There were no significant differences in the soil CO, ef-
flux between the grazed and non-grazed areas (p = 0.2478). This
means that, although the soil CO, efflux was mostly lower in the
non-grazed area, reindeer herding had no significant influence on
the soil CO, efflux (Fig. 4). When we analyzed the effects of dif-
ferent factors (grazed or non-grazed area, root biomass, soil C
content, etc.) on soil CO, efflux, we found that almost none of the
analyzed factors affected the soil CO, effluxes. The only factor
significantly affecting the soil CO, efflux was the time when the
measurements were made. The CO, effluxes were lowest in June
(0.043 mg CO, m~2 s [SE = 0.007] in the non-grazed areas and
0.047 mg CO, m? s™' [SE # 0.007] in the grazed areas) (Fig. 4).
In July and August the CO, effluxes were more than two times
higher compared to June (0.180 mg CO, m™ s™' [SE + 0.019] and

0.250
B Grazed Not grazed

0.200 -+
-
© 0.150 -
i
E I
o
S 0.100
oo
S

0.050 -

I
0.000 - T T
June July August

FIGURE 4. Soil CO, effluxes (mg CO, m™s™) in reindeer grazed
and non-grazed areas. Error bars represent SE.

Not grazed site

B Branches/needles

O Stem biomass

M Lichens

B Mosses/Grasses

O Tree roots FIGURE 3. Above- and below-
ground biomass (kg m2) in grazed
and non-grazed areas. Error bars
show SE of total above- and below-

ground biomass.

@ Vegetation roots

0.154 mg CO, m™?s™" [SE = 0.017] in the grazed areas, and 0.153
mg CO, m? s [SE = 0.017] and 0.128 mg CO, m~ s™' [SE +
0.015] in the non-grazed areas, respectively) (Fig. 4). In the case
of soil CO, effluxes, most of the variation (77%) resulted from
random error, while sample plot and site (grazed or non-grazed)
explained only 21% and 2%, respectively. Our sampling scheme
was able to detect 19% differences in soil CO, effluxes between
the areas with 95% confidence interval.

Surprisingly, root biomass did not affect the average soil CO,
efflux from the soil (p < 0.05). When we divided the soil CO, for
monthly values (Fig. 4), the CO, efflux was significantly affected
by the root biomass in August (p < 0.05), but not in June or in July
(p > 0.05).

Grazing also had no effect on soil C stock since the differ-
ence between grazed and non-grazed site was not significant (p >
0.05) (Fig. 5). The variation in the soil C content resulted mostly
from random error (76%), while the site (grazed or non-grazed)
and sample plot had small influences (22% and 2%, respectively).
Our sampling scheme was able to detect 14% differences in soil C
content between the areas with 95% confidence interval. The total
C storage in the grazed areas was 1904 g m™ (SE + 484) and in
the non-grazed areas 1763 g m(SE + 467), and it was positively
correlated with root biomass (r = 0.59, p < 0.05), meaning that in
the areas with the higher C storage, the amount of root biomass
was also higher.

The microbial biomass C (C,_, ) measured from the humus
horizon was lower in the grazed areas compared to the non-
grazed areas (1.67 mg C . ¢! DW [SE % 0.19] of soil in the
grazed areas and 2.12 mg C__g”' DW [SE = 0.28] of soil in the
non-grazed areas) (Fig. 6), but the difference was not statisti-
cally significant. However, the microbial biomass N (N . ) was
significantly lower (p > 0.05) in the grazed areas compared to
the non-grazed areas (0.19 mg N_. g™ DW [SE + 0.02] of soil in
the grazed areas compared to 0.29 mg N . ¢~ DW [SE = 0.04]
of soil in the non-grazed areas) (Fig. 6). The C . to N . ratio
was significantly (p < 0.05) lower in the non-grazed areas com-
pared to the grazed ones. The average C , to N . ratio in the
grazed areas was 7.9 and in the non-grazed areas 5.5. We found
no correlation between the soil C and soil microbial values: C_,
(r=0.04, p >0.05), N . (r=0.01, p >0.05), and C_ to N __
ratio (r = 0.01, p > 0.05).
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Reindeer grazing had contrasting effects on vegetation bio-
mass, soil C stocks, and soil CO, effluxes. We found that grazing
had a significant effect on the abundance and biomass of lichens,
while changes in other biomass components were small or there
was no effect. The lichen biomass in northern Fennoscandia can
be as high as 0.5 kg m™? (Wielgolaski and Kjelvik, 1975). In our
study areas, grazing by reindeer removed on average about 95% of
the lichen biomass, which is a rather high value. Similar decreases
in lichen biomass by grazing have been observed by Akujirvi et
al. (2014) and Susiluoto et al. (2008), and more than 75% of the
lichen biomass loss has been reported also by Koster et al. (2013)
and Olofsson et al. (2010). We found no effect of reindeer grazing
on the total C storage in soil and on soil pH, which is in accord-
ance with findings from Stark et al. (2000, 2008) and Koster et al.
(2013). The similar soil C stocks and pH at the grazed and non-
grazed sites in our study could be explained by changes that are
taking place in the vegetation structure and probably these changes
counteract each other. We may predict that with grazing the bio-
mass of lichens and dwarf shrubs is reduced and due to that also
the amount of litter in the grazed area is smaller and this would af-
fect decomposition rates in grazed areas—the decomposition rates
would be smaller in grazed areas. But this is probably the case in
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from the trees and in our case there was no difference in above-
ground biomass between the areas. On the other hand, reindeer
droppings (feces and urine) may contribute to the increasing avail-
ability of N compounds, provide highly decomposable resources,
and stimulate soil microbial biomass and activity as stated by Tu-
runen et al. (2013), and this should have an effect on soil C con-
tent. Lichens itself are not an important functional group if we are
talking about the C exchange, thus their decrease due to reindeer
grazing does not affect the C stocks in the soil, but the other fac-
tors resulting from grazing may have an effect on soil C stocks.
But similarly to our study, Stark et al (2000 and 2010) found no
effect of grazing on the soil organic C on most of their sample
plots in boreal forests. Previous studies refer to the increase of the
proportion of graminoids at the expense of evergreen and decidu-
ous shrubs in tundra areas as a consequence of reindeer grazing,
and this in turn may enhance the litter and soil C decomposition
(Olofsson et al., 2004; van der Wal, 2006). In forested areas, where
light is the limiting factor for the growth of graminoids (Strengbom
et al., 2004), the amount of graminoids was really small, and there
was no difference in their occurrence between the grazed and non-
grazed areas. In our study area, also the biomass of dwarf shrubs
(Vaccinium sp.) was not significantly affected by grazing. Although
Vaccinium uliginosum and Vaccinium myrtillus are important for-
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age plants for the reindeer during the summertime (Susiluoto et al.,
2008), they tolerate and recover well from trampling and grazing
(Kelloméki and Saastamoinen, 1975). In fact, in our study, dwarf
shrubs and mosses seemed to benefit from grazing, most likely due
to decreased competition from lichens—when reindeer were eating
the lichens the dwarf shrubs and mosses were overtaking the areas
quickly. Similar results have also been found by Klein (1987).

In our reindeer grazed areas, the dwarf shrubs and mosses
were taking over quickly the exposed soil patches after the lichens
were eaten, and no bare ground was exposed. One can speculate
that soils were warming faster in the spring (during the snow melt
period) in the grazed areas (Fauria et al., 2008), but as we have
no data available from late spring (when the snow was melting)
particular conclusions are improper to make. We installed the tem-
perature sensors at the end of May (the beginning of growing sea-
son, just after snow melt). Earlier studies have shown that taller and
tenser vegetation (vegetation is more abundant or protrudes above
the snowpack) may result in earlier snow melt (and with that also
higher soil temperatures) as the vegetation above the snow increas-
es the absorption of solar radiation in winter (Cohen et al., 2013).
In our case, the trees and their stems may increase the absorption of
solar radiation, but the large difference in the number of trees was
in first diameter class (trees with diameter from 1-5 cm), and these
trees are mostly under the snow. We found no evidences of earlier
snow melting between the areas.

Earlier studies have shown that reindeer grazing may affect
the soil temperature during the snow-free period because the in-
sulating lichen cover is decreased. For example, Olofsson et al.
(2010) and Fauria et al. (2008) have observed lower soil tempera-
tures beneath the thick lichen mats in the summer compared to
areas exposed to reindeer grazing and having less lichen. We found
no differences in soil temperature and soil moisture content be-
tween the grazed and non-grazed areas. This is probably because
the bare patches of soil were rare at our sites unlike in the study of
Vire et al. (1996), who observed that probably due to herbivores
the proportion of bare ground was significantly higher in grazed
areas compared to non-grazed areas.

Although the vegetation structure was changed due to the
grazing in our study areas, we found that it had no effect on soil
CO, effluxes. The reason why no differences in soil CO, effluxes
were observed between the areas might be because soil tempera-
ture, soil moisture, and root biomass did not differ between the
grazed and non-grazed areas. This distinguishes our study from
other studies investigating the effects of reindeer grazing on soil
C balance and soil CO, efflux (Ohtonen and Vire, 1998; Stark et
al., 2003; Vire et al., 1996). According to Stark et al. (2003), soil
respiration and microbial activity were significantly lower in the
grazed areas compared to the non-grazed ones in northern boreal
forests, which they explained by decreased microbial activity and
pine root biomass in the soil organic layer as a result of reindeer
grazing. On the other hand, Stark et al. (2002) found that grazing
did not change soil respiration in subcontinental tundra heats. Root
and rhizosphere respiration compose at least half of the total soil
CO, efflux in boreal Scots pine forests (Hogberg et al., 2010). As
mosses and lichens do not have living biomass below ground, they
are not as an important functional group for soil CO, effluxes as
vascular plants with active root system. Therefore, trees and dwarf
shrubs, and their contribution to the root and rhizosphere respira-
tion could result in differences in soil CO, effluxes between grazed
and non-grazed sites. Since root biomasses in our study were simi-
lar in the grazed and nongrazed sites, we did not observe differenc-
es in soil CO, effluxes either. There was, however, a clear seasonal
cycle in soil biological activity that was reflected in soil CO, ef-

fluxes. The monthly CO, effluxes were significantly lower in June
compared to the other months because in the beginning of June the
soil temperatures were still low (close to 0 °C) and some soil layers
were probably still frozen. The highest values were measured in
July and August, which is typical for boreal forests (Koster et al.,
2011; Ullah et al., 2009).

Another important source of soil CO, efflux is the microbial
respiration. There was no difference in the soil microbial C bio-
mass (C,_ . ) pool between the grazed and non-grazed areas, but the
microbial N biomass (N . ) was lower in the grazed areas. Similar
results were also found by Stark et al. (2008, 2010) and Ohtonen
and Vire (1998). Other studies have mostly shown a decrease in
microbial biomass due to the reindeer grazing (Stark et al., 2003;
Vire et al., 1996). Microbial biomass has been found to be corre-
lated with root biomass (Wardle, 1992), but in our study there was
no difference in root biomass between the grazed and non-grazed
areas. This may partly explain why we did not observe differences
in C_, between the grazed and non-grazed areas. However, we
found a difference in N , which resulted in significantly different
inC_, toN  ratio between the grazed and non-grazed areas, being
much higher in grazed areas.

The year 2013 was extremely dry in the region when com-
pared to the long-term annual precipitation rate (592 mm) (Ko-
rhonen and Haavanlammi, 2012; Susiluoto et al., 2008). More than
100 mm lower precipitation than the average has resulted in lower
soil moisture contents at all sample plots. Although the low soil
moisture content affects soil CO, efflux and microbial biomass, it
influenced these values in both studied areas at the same time and
with the same intensity. We can assume that the values for soil CO,
efflux and microbial biomass were lower in this year compared to
average years, but as our aim was to see the differences between
the grazed and non-grazed areas, this should not affect the end re-
sult as both areas were exposed to the same weather conditions.

Some of the study plots of Stark et al. (2002, 2003) and Susi-
luoto (2008) are close to our study areas (at approximately 2 km
distance from our study areas). Still, as their sites are located at
open subcontinental tundra heaths while ours are located in sub-
continental boreal pine forests, the results cannot be considered
imitative and are not completely comparable. For example, while
a major proportion of soil CO, effluxes is originating from recent
photosynthates by trees allocated to the root system, at open tundra
heaths there are no trees and consequently the amount of C avail-
able for root and rhizosphere respiration is smaller leading to lower
soil CO, effluxes (Bahn et al., 2008). Earlier studies have found
that in lichen-dominated forests with a very thin humus layer, rein-
deer grazing causes C limitation for the soil microbes and reduces
the soil respiration (Stark et al., 2002, 2000; Vire et al., 1996).

The sites selected for our study were homogeneous in terms
of their soil type and tree structure. Still, the variation in both soil
CO, effluxes and soil C stocks was remarkably large. In the case
of soil CO, effluxes and soil C content, most of the variation re-
sulted from random error, while sample plot and site (grazed or
non-grazed) explained only a small part of the variation. One could
argue that the soil C stocks and soil CO, effluxes, but also vegeta-
tion biomasses, are strongly site dependent, and therefore the dif-
ferences not resulting from reindeer grazing but other site factors
would mask the effects of reindeer grazing. This was, however,
not the case in our study, where our intention was to select sites as
similar as possible in terms of site history, age, soil type, climate,
and elevation. This is the reason we decided to focus our study in
the few pristine forests that remained in Lapland in the Virrio Strict
Nature Reserve. If the sites selected had been managed forests or
forest that had been exposed to selected cuttings in the past, the ef-
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fects of other factors than reindeer grazing could have masked the
effect of reindeer grazing, which was not our intention.

Overall, our study showed that grazing decreased significant-
ly the biomass and cover of lichens in the northern boreal subarc-
tic coniferous forests. Also, the tree regeneration was affected by
grazing as we had much less tree regeneration in the grazed areas
compared to the non-grazed areas. In subarctic mature pine for-
est, grazing did not affect the soil temperature or the soil moisture.
We found no significant effect of grazing on the soil CO, efflux,
soil C stock, and the soil microbial C biomass. Soil microbial N
biomass was significantly lower in the grazed areas compared to
the non-grazed areas. We may say that in the northern boreal sub-
arctic coniferous forests grazing by reindeer could be considered as
“C neutral,” as forests might be less sensitive to abiotic and biotic
changes compared to tundra.
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