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Vertical and horizontal distributions of soil organic carbon, potential microbial activity and 
basic soil properties were studied in a boreal mixed forest (Central Forest Reserve, TVER 
region) to elucidate whether the soil CO2-efflux is related to basic soil properties that affect 
the C pool and activity. Soil cores (0–100 cm depth) were taken from two transects every 
50 meters (44 points) immediately after completion of soil CO2-efflux measurements. Soil 
was separated into layers and moisture, bulk density, root density and bacterial counts were 
determined within one day after soil was taken. Microbial respiration, biomass, CN con-
tents and pH were measured within few months. The variability in the soil CO2-efflux and 
microbial activity was mainly explained by soil bulk density. Results further indicate that 
laboratory measurements of microbial respiration can represent heterotrophic soil respira-
tion of a distinctive ecosystem in natural conditions, if microbial respiration is measured 
after the effect of soil handling disappears.

Introduction

CO2 released from soil originates mainly from 
root and microbial respiration. But if measure-
ments are performed without removing the upper 
soil layer, the measured CO2-efflux also includes 
a measurement of respiration from moss, algae 
and lichens. It has been estimated that between 
28% and 70% of carbon returned to the atmos-
phere from the soil surface is from autotrophic 
root respiration with the remainder coming from 

soil heterotrophic respiration (Raich and Schles-
inger 1992, Ryan et al. 1996, Hanson et al. 2000).

In recent years, accurate determination of 
heterotrophic soil respiration rates and fac-
tors controlling spatial variability at a range of 
scales has formed one key area of global change 
biology (Trumbore 2006, Reichstein and Beer 
2008). However this task is arduous due to the 
enormous spatial variation in microbial quantity 
and physiological activity together with huge 
horizontal and vertical heterogeneity of the soil 
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environment (Wardle 2002, Berg and Bengtsson 
2007). Even though our understanding of het-
erotrophic respiration has been improved in the 
last decades (Ebklad and Högberg 2001, Ekberg 
et al. 2004, Kuzyakov 2006), it is still unclear 
which are the principal factors driving spatial 
variability of heterotrophic soil respiration.

It can be assumed that, in general, the var-
iation of soil heterotrophic activity should be 
mostly attributed to organic carbon amount and 
quality, nutrient availability, soil temperature 
(Hartley and Ineson 2008) and water availabil-
ity that is strongly affected by geomorphological 
heterogeneity (Ise and Moorcroft 2006). It is also 
reasonable to assume that within any ecosystem, 
horizontal and vertical variation of heterotrophic 
activity will be affected by different factors. In 
upper organic soil layers, horizontal variability 
will be driven mainly by heterogeneities in veg-
etation cover affecting the amount and quality 
of litter input (Ettema and Wardle 2002) and 
variability in microsite water and temperature 
regimes. On the other hand, vertical variation may 
be more affected by soil C distribution, supply of 
fresh carbon and the level of the soil water table 
(Fontaine et al. 2007). Studying spatial variability 
has mainly focused on horizontal variability but 
vertical distribution of microbial activity and its 
variation within one ecosystem remains an addi-
tional unresolved question.

In order to address the above questions, the 
current study was designed to help elucidate the 
relationships between spatial variation of the 
in situ soil CO2-efflux, environmental factors 
and soil heterotrophic activity (microbial res-
piration, microbial biomass) at the stand level. 
We assumed that vegetation cover, soil bulk 
density, pH, moisture and C and N contents are 
the main factors explaining the spatial variations. 
We were also interested in horizontal and verti-
cal variation in soil C pools and how this vari-
ation affected soil CO2-effluxes. The study was 
performed in a boreal mixed forest.

Material and methods

Site description

The experimental site was located in the Central 

Forest Reserve (CFR) at Fyedorovskoye in the 
Tver region, about 300 km WNW of Moscow 
in European Russia (56°2´N, 32°55´E, ca. 220–
270 m a.s.l.). The reserve was established in 
1931, but in the 1950s and 1960s some com-
mercial logging was permitted. Temperatures in 
the region range between an average monthly 
minimum of –9 °C in January and a maximum 
average of 17 °C in July. Precipitation can vary 
from 400 mm a–1 in a dry to 800 mm a–1 in a wet 
year (Schulze et al. 2002). The vegetation in this 
area represents the transition between “southern 
taiga” and a boreal mixed forest of conifers and 
small leaf species (Schulze et al. 2002, Vygod-
skaya et al. 2002). Long term eddy covariance 
flux measurements took place at the site in two 
forest types of contrasting soil and moisture 
regime and in a raised bog (Schulze et al. 2002, 
Milyukova et al. 2002, Kurbatova et al. 2002, 
Fig. 1). According to Vygodskaya et al. (2002), 
six main forest sub-types occur within the sam-
pling area (Table 1). The water table level at 
> 0.40-m depths is characteristic for a spruce 
forest on sedge bogs and sphagnum peat (vegeta-
tion cover classes from 1 to 3 in Table 1), but the 
typically by the end of growing season the water 
table is below 0.80 m at the well drained mineral 
sites.

The mineral soil in all cases was a silty loam, 
with pH ranging from 3.6 to 6. The water table 
at well drained sites with mineral soil may rise 
from 1.0-m to 0.20-m depth in wet years but falls 
below 1.20-m depth in extremely dry and warm 
years. In cold and wet summers, soil water con-
tent in the main root horizon (0–0.2-m deep) was 
75%–86% WHC (water holding capacity) and 
in the wet and warm summers 55%–65% WHC 
(Vygodskaya et al. 2002). Vegetation cover and 
in situ soil CO2-efflux were determined at 44 
locations that were selected along two transects 
every 50 meters in the two areas of the long term 
eddy covariance measurements. After these soil 
C flux measurements were completed, soil cores 
to 1-m depth sampled from the same spot with 
discrete layers within 0–100 cm soil profile were 
analyzed for root content, soil properties (pH, 
C and N content, moisture and bulk density), 
microbial respiration and bacterial counts. Meas-
urements were carried out in early August 2002. 
The given growing season was extremely dry. 
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Fig. 1. vegetation and soil 
profile on the transects.
legend (at the bottome 
of the figure): pedogenic 
substrates: 1 = peat, 2 
= dust loam, 3 = lime 
lake sand, 4 = moraine 
loam; trees: 5 = spruce, 
6 = pine, 7 = small-leaved 
trees (birch, aspen), 8 = 
alber, 9 = broad-leaved 
trees (maple, elm, lime).

The total precipitation from May to September 
according to the meteorological station at the 
reserve was only 146 mm, the long-term average 
being 388 mm. In particular, the precipitation in 
July was 13.4 mm, amounting to only 14% of the 
long-term average.

In situ soil respiration

The total CO2-efflux from the forest floor was 
measured using a dynamic closed-chamber gas 
exchange system (LI-COR 6400, Lincoln, NE, 
USA). To minimize any influence of mechani-
cal disturbance of soil surface on diffusion rates 
in the time of measurement, PVC collars were 
inserted through the forest floor into the depth 
of 5 cm, projecting not less than 5 cm above the 
uppermost ground layer. The soil collars were 
inserted into the soil at least 24 h before the first 
measurements. The soil CO2-efflux measure-
ments, that were repeated 3 to 10 times, started 

2 minutes after the LICOR chamber installa-
tion. Simultaneously the soil temperature was 
measured at the depth of 10 cm from surface of 
the moss layer (Shibistova et al. 2002). Cham-
ber CO2-efflux measurements were performed 
in early August 2002, during a one week period 
always during the day between 11:00 and 18:00 
local time. Day-time fluctuations of temperature 
and the soil CO2-efflux, which were measured at 
9 points, were low (CV < 0.06) in this time and 
neither a regular diurnal pattern nor a significant 
dependence on temperature (r2 = 0.135) was 
found. Therefore, no normalization for diurnal 
temperature changes was used.

A total of 44 measurement points were 
selected every 50 meters along two transects 
(Fig. 1). For each sampling point, the surround-
ing vegetation was described, including relative 
cover of the main groups of mosses and the main 
species of vascular plants in the herb layer. A 
more detailed description of the vegetation and 
soil characteristics of the different forest types 
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studied along the two transects are presented in 
Table 1.

Soil profile measurements

Soil samples were collected from 42 of the 44 
selected points, immediately after completion 
of the soil CO2-efflux measurement. This was 
achieved by taking soil cores of 0.1 m diameter 
(the same diameter as the PVC collars) and 1 m 
depth from the exact location where each soil 
CO2-efflux rate determination had been made 
using a motorized window auger. These cores 
were separated into 5 cm layers from the surface 
to the 20 cm depth and then in 10 cm increments 
to 100 cm. The litter layer was not removed but 
rather included into the uppermost layers. Once 
the individual soil layers had been separated, 
1–2 g of soil from each layer was fixed in 2 ml of 
3% formaldehyde in the field and subsequently 
stored at 4 °C until analyzed for bacterial counts. 
Moisture, bulk density and root density were 
determined within one day after soil was taken. 
Root density was calculated from dry weight of 
roots that were picked out from each core and 
layer in the day of the sampling.

For microbial respiration and CN measure-
ments, the soil was dried in a thin layer at the 
room temperature immediately after sampling 
and removing roots, and then stored at 4 °C until 
analyzed in the laboratory. Analyses were per-
formed in homogenized but not sieved soil as all 
sampling sites were on alluvial sandy area with 
no stones and gravel. Moisture, bulk density and 
root density were determined in each sampled 
layer, while microbial parameters as well as C 
and N contents were measured only in the layers 
0–5, 5–10, 10–15, 15–20, 20–30, 50–60 and 
90–100 cm.

Microbial respiration was determined at 
45 °C using HP 5890 gas chromatograph (Agi-
lent, USA), equipped with two parallel steel 
columns — a 0.53 mm ¥ 15 m HP Plot Q column 
(Agilent, USA) and 0.53 mm ¥ 15 m HP-Plot 
Molecular Sieve 5A column (Agilent, USA) — 
and with a thermal conductivity detector, using 
helium as the carrier gas. All measurements 
were performed in 3–4 replicates. Prior to the 
analyses, the air-dried soil had been moistened to Ta

bl
e 

1.
 c

ha
ra

ct
er

is
tic

s 
of

 v
eg

et
at

io
n 

co
ve

r, 
c

o
2-e

ffl
ux

 fr
om

 th
e 

so
il 

an
d 

so
il 

pr
op

er
tie

s 
of

 th
e 

ro
ot

in
g 

la
ye

r (
0 

to
 3

0 
cm

) o
f t

he
 s

am
pl

in
g 

lo
at

io
ns

. t
he

 s
am

pl
in

g 
lo

ca
tio

ns
 

ar
e 

gr
ou

pe
d 

ac
co

rd
in

g 
to

 v
eg

et
at

io
n 

co
ve

r (
vy

go
ds

ka
ya

 e
t	a
l. 

20
02

).

ve
ge

ta
tio

n 
co

ve
r 

so
il 

c
o

2-e
ffl

ux
 

to
ta

l c
 p

oo
l 

c
/n

 
ph

 
m

oi
st

ur
e 

(%
) 

te
m

pe
ra

tu
re

 °c
 

li
vi

ng
 ro

ot
s

(n
um

be
r o

f l
oc

at
io

ns
) 

(g
 m

–2
 d

–1
) 

(g
 m

–2
) 

 
 

 
 

(g
 m

–2
)

sp
ha

gn
um

–b
lu

eb
er

ry
 

 
sp

ru
ce

 fo
re

st
 (4

) 
08

.8
7 

± 
3.

21
 

20
.6

 ±
 1

2.
2 

19
.7

 ±
 3

.4
6 

3.
97

 ±
 0

.1
6 

64
.2

 ±
 1

6.
1 

12
.2

 ±
 1

.8
5 

03
92

 ±
 2

76
Pe

at
 b

og
 w

ith
 s

ph
ag

nu
m

–b
lu

eb
er

ry
 

 
sp

ru
ce

–p
in

e 
st

an
d 

(1
0)

 
11

.1
2 

± 
5.

95
 

17
.3

 ±
 3

.3
0 

31
.6

 ±
 3

.0
8 

3.
81

 ±
 0

.1
0 

83
.5

 ±
 3

.4
5 

16
.3

 ±
 1

.3
8 

02
99

 ±
 2

67
Bo

rd
er

 o
f s

ph
ag

nu
m

–b
lu

eb
er

ry
 

 
sp

ru
ce

 fo
re

st
 (3

) 
13

.7
9 

± 
4.

49
 

13
.1

 ±
 3

.9
0 

17
.5

 ±
 4

.2
5 

4.
52

 ±
 0

.3
2 

26
.5

 ±
 7

.0
3 

12
.8

 ±
 0

.4
9 

11
04

 ±
 5

32
c

om
pl

ex
 s

pr
uc

e 
fo

re
st

 (1
9)

 
07

.5
3 

± 
4.

37
 

11
.1

 ±
 4

.9
4 

16
.0

 ±
 5

.9
3 

4.
61

 ±
 0

.4
3 

36
.6

 ±
 1

7.
5 

13
.2

 ±
 1

.0
3 

08
69

 ±
 5

89
va

lle
y 

w
ith

 b
la

ck
 a

ld
er

,
 

 
as

h 
an

d 
el

m
 (4

) 
11

.2
2 

± 
6.

91
 

16
.8

 ±
 9

.5
1 

18
.2

 ±
 3

.4
8 

5.
11

 ±
 0

.4
2 

47
.2

 ±
 2

7.
3 

13
.3

 ±
 1

.2
7 

06
23

 ±
 4

36
W

in
df

al
l (

4)
 

06
.3

9 
± 

1.
88

 
12

.4
 ±

 1
0.

7 
15

.9
 ±

 4
.5

9 
4.

76
 ±

 0
.1

4 
27

.4
 ±

 4
.1

1 
13

.8
 ±

 0
.2

9 
09

84
 ±

 5
81



Boreal env. res. vol. 15	 •	 Spatial	variation	of	soil	C	pools	and	fluxes	 361

60% WHC and incubated for 6 days. Microbial 
respiration was measured for 24 hours between 
the 5th and 6th days of incubation, after the flush 
of respiration upon soil wetting had ceased and 
respiration stabilized. Direct counts of bacteria 
were carried out using the fluorescence micros-
copy and DAPI (4´,6-diamidino-2-phenylindole) 
staining method (Bloem et al. 1992). Conversion 
factor of 80.8 fg C bacterial cell–1 was used to 
calculate bacterial biomass (Cbact) (Taylor et al. 
2002). In addition microbial biomass was meas-
ured in nine out of 42 cores using SIR method 
(West and Sparling 1986). Nine cores were 
chosen to be representative for the soil profiles 
in the area. Total C (Ctot) and N were measured 
from finely grounded soil using elemental NC 
2100 Soil analyzer (ThermoQuest, Italia). Soil 
pH in water suspension (soil: water, 1:2.5, w/v), 
Cbact/Ctot (%) and CO2/Ctot (mg g–1 h–1) ratios were 
used as a measure of C availability.

To interpret the data on the ecosystem level 
and compare them with the soil CO2-efflux, 
microbial respiration and C pools were expressed 
on per square meter basis:

 Cresp(Cpool) = CcDL (1)

where Cc is C content and/or respiration per 1 kg 
dry soil, D is bulk density (kg m–3), L is depth of 
the layer in question (m).

To estimate microbial CO2 flux and C pools 
in the entire 0–100-cm soil column, the missing 
values of C content at respiration at depths of 40, 
50, 70 and 80 cm were derived from the values 
measured in neighborhood layers by means of a 
linear interpolation and then expressed on per-
square-meter basis using measured D.

The Lloyd-Taylor temperature dependency 
model (Lloyd and Taylor 1994) was used for the 
standardization of the soil CO2-efflux and micro-
bial respiration to 10 °C to compare the rate of 
the soil CO2-efflux and microbial respiration.

Coefficient of variation (CV) was used to 
express spatial variabilities in soil and vegetation 
parameters (Kleb and Wilson 1997). This allows 
for comparisons that are independent of scale. 
One-way ANOVA was used to test differences 
among groups after checking the normality of 
distribution. Multivariate and non-linear regres-
sions were used for testing dependence between 

measured variables. Calculations were carried 
out in STATISTICA 7.

Results

In situ soil CO2-efflux

The average in situ soil CO2-efflux from the 
forest floor along the transects as calculated from 
44 measurement points was 9.4 g C m–2 d–1 with a 
relatively low spatial variability (CV = 0.55). The 
mean soil temperature during the time of meas-
urements was 13.9 °C (CV < 0.13) and no sig-
nificant dependence between the soil CO2-efflux 
and soil temperature was found (r = 0.0248).

When grouped according to vegetation type 
and/or moss cover (Table 1), no significant dif-
ference in soil CO2-efflux rates between the six 
groups was found. Subsequently, we examined 
the observed variation in soil CO2-efflux rates 
in relation to the soil parameters measured (total 
and microbial C pools, microbial respiration, pH, 
moisture and bulk density) at the point of meas-
urement. To do this, we considered the mean 
soil properties expressed per unit area for the 
upper soil layer (0 to 30 cm), this being the main 
rooting zone (roots were distributed in the upper 
0–30 cm layer in all the sampled profiles and less 
than 2% of living roots penetrated below 30 cm) 
and the most biologically active part of the soil 
profile. Multiple regression analysis (r2 = 0.418, 
p < 0.020) revealed a highly significant relation-
ship only between the soil CO2-efflux and bulk 
density (r2 = 0.587, p < 0.007) and significant 
relationship between the soil CO2-efflux and 
pH (r2 = 0.530, p < 0.035). The relationships 
between the soil CO2-efflux and the total C pool 
(r2 = 0.265, p < 0.342), the microbial C pool (r2 
= 0.425, p < 0.372), the microbial respiration (r2 
= 0.308, p < 0.650) and moisture (r2 = 0.530, p < 
0.316) were all insignificant.

Based on these findings, the soil cores and the 
corresponding soil CO2-effluxes were grouped 
according to bulk density into three groups: (1) 
deep peaty soils with organic horizon deeper 
than 30 cm (n = 13; average bulk density = 0.52 
g cm–3), (2) peaty soils with a shallow organic 
horizon (< 30 cm, n = 8; average bulk density = 
1.16 g cm–3) and (3) mineral well drained soils 
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(n = 23; average bulk density = 1.38 g cm–3). 
Bulk densities of these groups were significantly 
different (Table 2). Soil acidity, however, was 
similar in the groups of peaty soils and sig-
nificantly different in the group of mineral soils 
(Table 2). The variation in soil CO2-effluxes 
within each group was low (Table 3; CV < 0.14). 
Well drained mineral soils differed from the deep 
peat soils having lower temperatures and moss 
covers, higher root densities and lower total C 
pools (Table 3). Differences between the mineral 
soils and the shallow peat soils were not as high 
as a those between the mineral soils and the deep 
peat soil, being significant only for moss covers 
and total soil C pool. The two peaty soils dif-
fered significantly in temperature, moss cover, 
living roots and microbial C pool (Table 3).

Variability of soil parameters

Bulk density increased with soil depth and the 
remaining parameters decreased being closely 
negatively correlated to the bulk density (Table 
4). All the measured soil parameters were inter-
dependent (Table 4). Relationships between the 
bulk density and moisture, Ctot and Cbact contents 
and microbial respiration, respectively, were not 
linear but exponential (Fig. 2). Microbial bio-
mass C being measured only in nine cores using 
SIR was closely related to the Cbact and microbial 
respiration of the respective cores (Fig. 3).

Division of soil cores into three groups 
decreased variation of the measured soil param-
eters. The three groups were significantly differ-
ent in distribution of soil moisture, C/N and Ctot 
content in the soil profile, whilst the distributions 
of pH, Cbact content and microbial respiration 
were apparently similar (Figs. 4 and 5). Recal-
culating Cbact content and microbial respiration 
per unit of Ctot, which denote C availability, 
however, revealed the significant difference in C 
availability, especially in deeper parts of the soil 
profile (Fig. 6). In general, C availability slightly 
decreased in deep peat soils and increased in the 
mineral soils (Fig. 6).

The upper soil layers constituted the most 
biologically active part of the soil profile and the 
upper 0–30 cm contributed 82% to the Ctot pool 
at 0–100 cm depth for the mineral soils, which Ta
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is about 50% or less than in the peaty soils, this 
depending on the thickness of the organic layer 
(Table 2). Similarly, about 70% and 50% of the 
estimated Cbact pool and microbial respiration in 
the 0–100 cm soil profile was in the upper layer 
in mineral soils and peat soils, respectively.

To compare microbial respiration with the in 
situ soil CO2-efflux, all measured values were 
standardized to 10 °C. This calculation showed 
that although the soil CO2-efflux was signifi-
cantly higher in the shallow peat soils than in 
the deep peat and mineral soils, the microbial 
respiration did not differ significantly (Table 5). 
Thus, the potential contribution of microbial res-
piration to the total soil CO2-efflux in the upper 
soil layer (0–30 cm) was higher in the mineral 
soils (62%) than in the deep and shallow peat 
soil (39% for both). Microbial C respiration in 
0–100 cm profile followed the similar pattern as 
microbial respiration in the upper layer and did 
not exceed 65% of the total soil CO2-efflux in 
any case.

Discussion

The study has shown that spatial variability of 
the soil CO2-efflux, Ctot pool, C/N ratio and pH in 
the upper part of the soil profile within the boreal 
ecosystem studied was mainly related to the soil 
bulk density. Although we expected that the veg-
etation cover should affect the soil CO2-efflux, 
microbial biomass and respiration, and C/N ratio 
in the upper soil layer, this influence was not 
proved. Further, the bulk density in the soil 
profile correlated with the remaining soil param-
eters. It is not necessarily the case that the bulk 
density affects the microbial activity and the soil 
CO2-efflux per se, but it is an integrating factor, 
reflecting differences in moisture regime, water 
level, C content and quality and vegetation cover. 
This is supported by the interdependency of soil 
abiotic and biotic drivers and by the significant 
differences in moisture, moss cover, pH, C pool 
and its C/N ratio among the three soil groups 
determined according to differences in the bulk 
density distribution in the soil profile. Variations 
in the soil bulk density were mainly accountable 
in terms of variations in the extent of organic 
matter accumulation in the soil, itself driven Ta
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Table 4. the correlations among soil bulk density, moisture, ph, total (ctot) and bacterial carbon (cbact) contents, c/n 
and microbial respiration measured at 42–44 sampling points in the 0–100 cm profile. all correlations are significant 
at p < 0.01 (n = 252).

Parameter Bulk density moisture* ph ctot* c/n cbact* microbial
       respiration*

Bulk density 1.000 –0.892 0.587 –0.934 –0.518 –0.824 –0.863
moisture*  1.000 –0.571 0.886 0.602 0.759 0.760
ph   1.000 –0.613 –0.315 –0.556 –0.531
ctot*    1.000 0.582 0.884 0.892
c/n     1.000 0.409 0.411
cbact*      1.000 0.874
microbial respiration*       1.000

* logarithmic values were used to calculate the correlation matrix.

Fig. 2. Dependency of ctot, 
cbact and microbial respira-
tion on soil bulk density.
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Fig. 3. correlation between microbial (cmic) and bacterial (cbact) biomass and between microbial biomass and micro-
bial respiration in the soil profile. Data from nine cores representative for the studied area are given.
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Fig. 4. change of soil moisture, bulk density and soil 
ph with soil depth. the sampled cores were grouped 
according to bulk density into groups of deep peat (n 
= 13), shallow peat (n = 8) and mineral (n = 23) soil. 
mean values and confidence limits (p < 0.05) are given.

Table 5. in situ soil co2-efflux and microbial respiration in the soil profiles 0–30 cm and 0–100 cm standardized to 
10 °c. See text for more details. Different letters denote significant difference between groups of soils at p < 0.01 
(one-way anova and Fisher post-hoc test, n = 42–44).

Group of soils (number of cores) soil co2-efflux10 microbial respiration10
 (g c m–2 d–1) (g c m–2 d–1)
  
  0–30 cm 0–100 cm

Deep peat (n = 13) 7.11 ± 1.01ab 2.69 ± 0.46a 5.38 ± 0.75b

shallow peat (n = 8) 8.17 ± 1.62b 3.22 ± 0.25a 6.08 ± 0.15b

mineral (n = 23) 5.40 ± 0.57a 3.38 ± 0.37a 4.45 ± 0.31a



366 Šantrůčková	et	al.	 •	 Boreal env. res. vol. 15

Fig. 5. change of ctot, cbact, soil c/n ratio and microbial respiration with soil depth. the sampled cores were 
grouped according to bulk density into groups of deep peat (n = 13), shallow peat (n = 8) and mineral (n = 23) soil. 
mean values and confidence limits (p < 0.05) are given.

Fig. 6. change of cbact/ctot and co2/ctot ratios with soil depth. the sampled cores were grouped according to bulk 
density into groups of deep peat, shallow peat and mineral soil. mean values are given.
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by variations in temperature, moisture regime, 
especially where bulk densities were lower than 
1 g cm–3, i.e. in the upper 0–30 cm layer (see 

Fig. 4 and Table 2). In deeper layers, other fac-
tors may be of greater importance with moisture 
regime, ground water level and transport of fine 
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particles and available C to the depression being 
the principal factors. The effects of the soil mois-
ture regime and level of the water table may be 
quite complex, affecting moss cover, root and 
tree abundance, decomposition rate of organic 
material and, consequently, the size of the soil 
organic C pool and its quality as reflected by the 
C/N ratio (Berg and McClaugherty 2008). Soil 
porosity, which may further affect the soil CO2-
efflux, soil aeration status and the character of 
microbial processes will also be affected. Thus 
according to our interpretation of the results, the 
local soil moisture regime, drainage and water 
level were the driving forces of the soil C-efflux 
and C pools heterogeneity and that the soil bulk 
density within a soil profile can be used as a reli-
able indicator of it.

The present study has two main limitations: 
(1) The application of soil collars could lead to 
a certain underestimation of the total CO2-efflux 
due to the damage of roots when inserting col-
lars in the soil (Wang et al. 2005). In our study, 
the collars were inserted to the depth of 5 cm, at 
which mean proportion of roots was 14%, varying 
form 7% in the peat bog to 18% in the mineral 
soils. Assuming that maximum contribution of 
root respiration to the total soil respiration is 60% 
( Högberg et al. 2001, Subke et al. 2004, Högberg 
and Read 2006), the maximum underestimation 
of the soil CO2-efflux could be only from 5% to 
8%. (2) The total soil CO2-efflux was measured 
and soil was sampled in a single week during 
August and numerous parameters that control soil 
respiration (e.g. input of labile C, composition of 
soil microbial community, water availability) may 
change seasonally. We suppose, however, that our 
data are representative for the growing season in 
the studied ecosystem, as water limitation is very 
rare there. In general, established dependency 
(correlations and/or regressions) among biotic and 
abiotic drivers of soil C pools and fluxes would 
hardly change over the year. Only particular rela-
tionships or significances of the dependency can 
be seasonally shifted.

Microbial respiration assessed for the upper 
0–30 cm layer in the laboratory was estimated 
to contribute between 38% and 62% of the total 
soil CO2-efflux. This is in the range of values 
estimated in the field conditions using a girdling 
method (e.g. Högberg et al. 2001, Subke et al. 

2004, Högberg and Read 2006) suggesting that 
laboratory measurements, if performed after soil 
conditions were equilibrated and flush of respira-
tion due to soil handling ceased, may be repre-
sentative for potential heterotrophic soil respira-
tion that is characteristic for given soil. This is 
also supported by the data on microbial biomass 
and direct count of bacteria as microbial biomass 
correlated with both, microbial respiration and 
the direct counts of bacteria (Fig. 3). Micro-
bial biomass was measured at the same time as 
microbial respiration, after the respiration rate 
was equilibrated, while direct counts of bacteria 
were carried out in the soil, which was fixed in 
formalin immediately after taking the core in 
the field. Direct counts, therefore, represent the 
amount of bacteria present in an undisturbed 
soil profile and microbial biomass represents 
the amount of active microorganisms at the time 
of measurement. These correlations of bacterial 
biomass with microbial biomass and microbial 
respiration indicate that the measured microbial 
biomass and microbial respiration also reflected 
the in situ conditions.

Microbial respiration that we measured was 
about half of that measured by Borken et al. 
(2002a) in forest soils of comparable Ctot pool 
and quality, but soil C-efflux that we measured 
in situ was higher (see fig. 1 in Borken et al. 
2002b). The difference between the two studies 
can be explained by the difference in the meth-
ods used for the measurement. While Borken 
et al. (2002a) measured microbial respiration 
in first hours after soil handling and increase 
of temperature, we performed the measurement 
after soil conditions satbilized and flush of res-
piration due to handling ceased. Our estimate of 
Ctot pool in the 0–100-cm profile is a bit higher 
than the data summarized for the world life 
zones (Post et al. 1982, Schlesinger 1984) which 
could be explained by the fact that the litter 
layer was included in our estimates but excluded 
from the world profiles. The litter was included 
in our study as this layer is a very important 
place of biological activity in forest ecosystems 
(Šantrůčková et al. 2005).

The present study suggests that (i) variability 
of soil CO2-fluxes within one ecosystem can 
be indicated by the soil bulk density, which is 
related to moisture regime and ground water 
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level and, consequently, to different composition 
of vegetation cover and soil organic C pool and 
microbial transformation processes, and that (ii) 
laboratory measurements of microbial respira-
tion represent potential heterotrophic soil respi-
ration of distinctive studied ecosystem in natural 
conditions, if microbial respiration is measured 
after effect of soil handling disappears.

Acknowledgments: The authors thank for support all persons 
kindly contributing this research, Keith Edwards for lan-
guage correction, unknown reviewers for valuable comments 
and for financial support of EU project TCOS Siberia and 
project of MSM 600 766 5801.

References

Berg B. & McClaugherty C. 2008. Plant litter decomposi-
tion, humus formation, carbon sequestration. Springer, 
Berlin.

Berg M.P. & Bengtsson J. 2007. Temporal and spatial vari-
ability in soil food web structure. Oikos 116: 1789–1804.

Bloem J., de Ruiter P.C., Koopman G.J., Lebbink G. & Brus-
saard L. 1992. Microbial numbers and activity in dried 
and rewetted arable soil under integrated and conven-
tional management. Soil Biology & Biochemistry 24: 
655–665.

Borken W., Muhs A. & Beese F. 2002. Changes in micro-
bial and soil properties following compost treatment 
of degraded temperate forest soils. Soil Biology & Bio-
chemistry 34: 403–412.

Borken W., Xu Y.-J., Davidson E.A. & Beese F. 2002. Site 
and temporal variation of soil respiration in European 
beech, Norway spruce, and Scots pine forests. Global 
Change Biology 8: 1205–1216.

Ekberg A., Buchmann N. & Gleixner G. 2004. Rhizospheric 
influence on soil respiration and decomposition in a tem-
perate Norway spruce stand. Soil Biology & Biochemis-
try 38: 2103–2110.

Ekblad A. & Högberg P. 2001. Natural abundance of 13C 
in CO2 respired from forest soils reveals speed of link 
between tree photosynthesis and root respiration. Oeco-
logia 127: 305–308.

Ettema C.H. & Wardle D.A. 2002. Spatial soil ecology. 
Trends in Ecology & Evolution 17: 177–183.

Fontaine S., Barot S., Barré P., Bdioui N., Mary B. & Rumpel 
C. 2007. Stability of organic carbon in deep soil layers 
controlled by fresh carbon supply. Nature 450: 278–281.

Hanson P.J., Edwards N.T., Garten C.T. & Andrews J.A. 
2000. Separating root and soil microbial contributions to 
soil respiration: a review of methods and observations. 
Biogeochemistry 48: 115–146.

Harley I.P. & Ineson P. 2008. Substrate quality and the tem-
perature sensitivity of soil organic matter decomposi-
tion. Soil Biology & Biochemistry 40: 1567–1574.

Högberg P. & Read D.J. 2006. Towards a more plant physi-

ological perspective on soil ecology. Trends in Ecology 
and Evolution 21: 548–554.

Högberg P., Nordgren A., Buchmann N., Taylor A.F.S., 
Ekblad A., Högberg M.N., Nyberg G. & Ottosson-
Lofvenius M. & Read D.J. 2001. Large-scale forest 
girdling shows that current photosynthesis drives soil 
respiration. Nature 411: 789–792.

Ise T. & Moorcroft P.R. 2006. The global-scale tempera-
ture and moisture dependencies of soil organic carbon 
decomposition: an analysis using a mechanistic decom-
position model. Biocheochemistry 80: 217–231.

Kleb H.R. & Wilson S.D. 1997. Vegetation effects on soil 
resource heterogeneity in prairie and forest. The Ameri-
can Naturalist 150: 283–298.

Kurbatova J., Arneth A., Vygodskaya N.N., Kolle O., Var-
largin A.V., Milyukova I.M., Tchebakova N.M., Schulze 
E.-D. & Lloyd J. 2002. Comparative ecosystem-atmos-
phere exchange of energy and mass in a European Rus-
sian and central Siberian bog. I. Interseasonal and inter-
annual variability of energy and latent heat fluxes during 
the snowfree period. Tellus 54B: 497–513.

Kuzyakov Y. 2006. Sources of CO2 efflux from soil and 
review of partitioning methods. Soil Biology & Bio-
chemistry 38: 425–448.

Lloyd J. & Taylor J.A. 1994. On the temperature dependence 
of soil respiration. Functional Ecology 8: 315–323.

Milyukova I.M., Kolle O., Varlagin A.V., Vygodskaya N.N., 
Schulze E.-D. & Lloyd J. 2002. Carbon balance of a 
southern taiga spruce stand in European Russia. Tellus 
54B: 429–442.

Post W.M., Emanuel W.R., Zinke P.J. & Stangenberger A.G. 
1982. Soil carbon pools and world life zones. Nature 
298: 156–159.

Raich J.W. & Schlesinger W.H. 1992. The global carbon 
dioxide flux in soil respiration and its relationship to 
vegetation and climate. Tellus 44B: 81–99.

Reichstein M. & Beer C. 2008. Soil respiration across scales: 
The importance of a model-data integration framework 
for data interpretation. Journal of Plant Nutrition and 
Soil Science 171: 344–354.

Ryan M.G., Hubbard R.M., Pongracic S., Raison R.J. & 
McMurtrie R.E. 1996. Foliage, fine-root, woody-tissue 
and stand respiration in Pinus radiata in relation to 
nitrogen status. Tree Physiology 16: 333–343.

Šantrůčková H., Kurbatova J.A., Shibistova O.B., Šmej-
kalová M. & Uhlířová E. 2005. Short-term kinetics of 
soil microbial respiration — a general parameter across 
scales? In: Binkley D. & Menyailo O. (eds.), Tree spe-
cies effects on soils: implications for global change, 
Springer, Dordrecht, pp. 229–246.

Schlesinger W.H. 1984. Soil organic matter: a source of 
atmospheric CO2. In: Woodwell G.M. (ed.), The role of 
terrestrial vegetation in the global carbon cycle: meas-
urement by remote sensing, John Wiley and Sons, New 
York, pp. 111–127.

Schulze E.-D., Vygodskaya N.N., Tchebakova N.M., Czimc-
zik C.I., Kozlov D.N., Lloyd J., Mollicone D., Parfenova 
E., Sidorov K.N., Varlagin A.V. & Wirth C. 2002. The 
Eurosiberian Transect: an introduction to the experimen-
tal region. Tellus 54B: 421–428.



Boreal env. res. vol. 15	 •	 Spatial	variation	of	soil	C	pools	and	fluxes	 369

Shibistova O., Lloyd J., Evgrafova S., Savushkina N., 
Zrazhevskaya G., Arneth A., Knohl A., Kolle O. & 
Schulze E.-D. 2002. Seasonal and spatial variability in 
soil CO2 efflux rates for a central Siberian Pinus sylves-
tris forest. Tellus 54B: 552–567.

Subke J.A., Hahn V., Battipaglia G., Linder S., Buchmann 
N. & Cotrufo M.F. 2004. Feedback interactions between 
needle litter decomposition and rhizosphere activity. 
Oecologia 139: 551–559.

Taylor J.P., Wilson B., Mills M.S. & Burns R.G. 2002. Com-
parison of microbial numbers and enzymatic activities in 
surface soils and subsoils using various techniques. Soil 
Biology & Biochemistry 34: 387–401.

Trumbore S. 2006. Carbon respired by terrestrial ecosystems 
— recent progress and challenges. Global Change Biol-
ogy 12: 141–153.

Vygodskaya N.N., Schulze E.-D., Tchebakova N.M., Kar-

pachievskii L.O., Kozlov D., Sidorov K.N., Panfyorov 
M.I., Abrazko M.I., Shaposhnikov E.S., Solnzeva O.N., 
Minaeva T.Y., Jeltuchin A.S., Wirth C. & Pugachevskii 
A.V. 2002. Climatic control of stand thinning in unman-
aged spruce forests of the southern taiga in European 
Russia. Tellus 54B: 443–461.

Wang J.W., Zu Y.G., Wang H.M., Hirano T., Takagi K. & 
Koike K.S.T. 2005. Effect of collar insertion on soil 
respiration in a larch forest measured with a LI-6400 soil 
CO2 flux system. Journal of Forest Research 10: 57–60.

Wardle D.A. 2002. Communities and ecosystems: linking 
aboveground and belowground components. Princeton 
Univ. Press, New Jersey.

West A.W. & Sparling G.P. 1986. Modification to the sub-
strate-induced respiration method to permit measurement 
of microbial biomass in soils of different water contents. 
Journal of Microbiological Methods 5: 177–489.


