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Soil organic carbon (SOC) is one of the basic parameters
of soil productivity and quality. Generally soil has poten-
tial to sequestrate or release organic carbon depending on
land use/management and climatic conditions. The main
aim of this article is to show changes in SOC in agricul-
tural land of Slovakia over almost the last 40 years on the
basis of modelling data of SOC stock by the RothC model
and unequal development of SOC stock on agro-climatic
regions of Slovakia. The results received show that aver-
age SOC stock [t/ha] in Slovakia is higher on grasslands in
comparison to arable land. However, total SOC pool (t) in
top of 0.2 m of soil on the modelling area of agricultural
Slovak land shows that a considerable part of SOC stock
is located in arable land and is approximately four times

greater than on grasslands because the arable land repre-
sents about 80% of the modelling area. In the first model-
ling period (1970-1994), the SOC stock gradually in-
creased, but in the second modelling period (1995-2007)
no significant changes in SOC stock on the arable land were
observed. In the southwest part of Slovakia, increasing
of SOC stock during all modelling periods was observed;
however, in the northeast part a slight increase of SOC
stock only in the first modelling period (1970-1994) was
found and in the second modelling period (1995-2007)
decrease of SOC accumulation was observed. The results
of this statistical analysis show significant relationship
between carbon input/SOC stock as independent variables
and agro-climatic regions as dependent variable.
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Soil organic carbon (SOC) is a basic soil param-
eter determining soil fertility, water holding capac-
ity and susceptibility to land degradation. SOC also
takes part in ecological functions and is one of the
components of all minimum data sets evaluating
soil quality (Brejda et al. 2000). In a global context,
the quantity of carbon stored in soils represents the
largest store of terrestrial organic carbon (Houghton
et al. 2001). In the top 0.2 m of soil about 615 Gt
is stored (Guo & Gifford 2002). Soil has the poten-
tial for organic carbon release or sequestration, de-
pending on land use, land management and climat-
ic conditions. The fourth assessment report of the

Intergovernmental Panel on Climate Change (IPCC
AR4) included details of the agricultural mitiga-
tion potential (Smith et al. 2007a) through practices
such as carbon sequestration by soil management.
In present time, it is essential for countries to esti-
mate mitigation potential at a national scale. There
are several methods of estimating changes in SOC at
a national scale. The IPCC Guidelines (IPCC 2006)
provide a three-tiered approach where the tier 3 is
based on dynamic model if the data and model are
available.

Models of SOC dynamics are a well-known tool
to simulate the response of the soil system to en-
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vironmental pedoturbations and are widely used
to study changes in SOC stocks (Peltoniemi et al.
2007). Models of SOC dynamics should provide us
with an indication about the size of the SOC stock
under different soil types, management practices
and climate regimes. The main characteristics of the
most popular process-oriented SOC turnover mod-
els have been discussed frequently in the literature
(Viaud et al. 2010). From this review, it has been
observed that the CENTURY, RothC and DNDC
are the most frequently used models to simulate
SOC dynamics spatially. The CENTURY model is
a general ecosystem model for C, N, P, S cycling in
the soil — plant system. In conditions of Slovakia,
this model was used for modelling of SOC stock
on one of the representative Slovak cropping farms
(So-bocka et al. 2007). Recently, in the Zitny os-
trov region the DAISY model (Taka¢ er al. 2011)
was used for simulating the SOC stock. Generally,
these models require many specific input parame-
ters, which are difficult to receive for country scale
profile. For this reason the RothC model is used for
the prediction of SOC stock on agricultural soils in
country scale (Coleman & Jenkinson 2005). RothC-
26.3 was originally developed and parameterized to
model the turnover of organic C in arable topsoils
from the Rothamsted long-term field experiments.
Later, it was extended to model the turnover in the
grassland and in woodland, and operate in different
soils under different climates (Coleman et al. 1997).
RothC-26.3 has been tested against long-term ex-
periments in a range of soils and climatic conditions
in Western and Central Europe (Coleman et al. 1997,
Falloon & Smith 2002) and more recently in Japan
(Shirato & Yokozawa 2005), Mexico (Gonzales-
Molina et al. 2011) and India (Bhattacharyya et al.
2011). In present time, the RothC model is used in
prognosis of SOC in regional scale (2010) and for
the prediction of SOC stock in agricultural soils of
Europe, European part of Russia (Smith et al. 2005,
2007b), for Amazon region of Brazil (Cerri et al.
2007) and for country-scale estimation of potential
carbon sequestration on Japanese arable soils (Yoko-
zawa et al. 2010). In Slovakia, the RothC model was
successfully tested on selected monitoring localities
of agricultural soils there (Baran¢ikova 2007), in
conditions of Easter Slovak Lowland (Barancikova
et al. 2010a), and subsequently was applied for test-
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ing of modelling of SOC stock on agricultural soils

of Slovakia (Baran¢ikova et al. 2010b). Recently,

this model was successfully used for simulation of

SOC changes in Slovak arable land (Barancikova et

al. 2012).

The main aim of this article is to show the devel-
opment of SOC changes on the agricultural land of
Slovakia over almost the last 40 years on the basis
modelling data of SOC stock by the RothC model.
Other important aspects of this work are:

— to demonstrate relationship between organic car-
bon input and changes of SOC stock on agricul-
ture soils (arable soils / grasslands) of Slovakia,
and

— to determine, on the basis of statistical analysis,
correlations between the SOC stock and diverse
climatic conditions.

MATERIAL AND METHODS

Agro-climatic regions

The agricultural land of Slovakia is divided into
10 agro-climatic regions (DZatko et al. 1989) which
take into account different climatic characteristics
and the resulting differences in land management,
in crop (crop rotation) and cattle (species of live-
stock) production. Agro-climatic regions 00-02
represent mainly lowlands and hilly lands on the
southwest part of Slovakia with typical soil types
such as Chernozem, Fluvisols and Luvisols. Agro-
climatic regions 03—06 are on lowlands and hilly
lands of KoSice and South Slovakia basins with rep-
resentative soil types such as Luvisols, Stagnosols,
Cambisols and Fluvisols. Agro-climatic region 07 is
located on the foothills and basins, and the 08—10
agro-climatic regions are the mountain area with
Cambisols, Stagnosols and Leptosols soil types
(WRB 2006).

RothC model

RothC-26.3 is a model for the turnover of or-
ganic carbon in non-waterlogged top soils that al-
lows the effects of soil types, temperature, moisture
content and plant cover on the turnover process. The
RothC-26.3 model splits SOC into four active com-
partments and a small amount of inert organic mat-
ter (IOM) (Coleman et al. 1997). Modelling of the
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SOC stock with RothC-26.3 model requires three

types of data:

a) Climatic data — monthly rainfall [mm], monthly
evapotranspiration [mm], average monthly mean
air temperature [°C];

b) Soil data — clay content [%], inert organic carbon
(IOM), initial soil organic carbon (SOC) stock
[t C/ha], depth of the soil layer considered [cm];

c¢) Land use and land management data — soil cover,
monthly input of plant residues [t C/ha], monthly
input of farmyard manure (FYM) [t C/ha].

Further details of the RothC model and the model it-

self, can be obtained from publication of Baran¢ikova

et al. (2011) or from the GCTE SOMNET website

(http://www.rothamsted.bbsrc.ac.uk/aen/somnet/).

Input data

The agricultural land of Slovakia was divided
into regular spatial simulation units (SimU). Each
SimU was designed so that it represented one cell of
10 km resolution regular grid.

Point measurements (n = 70) of daily mean tem-
perature [°C], potential evapotranspiration [mm],
and rainfall [mm] were interpolated to the 10 km
spatial resolution grid using interpolation algorithm
based on weather station similarity to unknown in-
terpolated location (Novakova 2007). The monthly
rainfall (mm) and average monthly mean air temper-
ature [°C] and evapotranspiration were calculated
based on interpolated daily data.

The mean topsoil values of the initial SOC stock
[t/ha] and clay content [%] in the 0.2 m topsoil layer
were calculated for each SimU using soil profile data
coming from the national soil profile database which
includes soil data of 17,741 soil probes (Skalsky &
Balkovi¢ 2002). The soil profiles were stratified ac-
cording to topsoil SOC content and topsoil texture
and only the most frequent soil profile class was
used for calculation of the initial SimU SOC stock.
NUTS4 (nomenclature territorial units for statistic
on level district) level agricultural statistics on crop
harvesting areas, crop yields and manure applica-
tion rates were used as a source of soil management
data. Regarding politically and socio-economically
driven land use changes in Slovakia in early 1990s,
land use data were interpreted separately for the
1970-1994 and 19952007 periods. Crop harvesting
areas were analyzed to get regionally representative

crop shares for estimation of organic carbon inputs
from crop residues.

The calculated values of the organic carbon input
of plant residues according to the published carbon
conversion coefficients (Bielek & JurCova 2010) of
individual plant residues and crops yields and de-
fault RothC model settings were used for the esti-
mation of SimU-related monthly carbon of plant
residues’ inputs to soil [t/ha]. FYM consumption
statistic served as the source to analyze the region-
ally specific rates of manure application [t/ha] on
arable land. Published data of carbon conversion
coefficients (Bielek & Jurcova 2010) and FYM ma-
nure dose were used to estimate the SimU-related
monthly application rate of carbon farmyard manure
[t/ha] for the cropland. For calculation of carbon in-
put from plant residues on grasslands, carbon con-
version coefficient for temporary meadows in 4th
year (Bielek & Jur¢ova 2010) was applied and also
as carbon source the excreta of grazing animals was
taken into account (Tarasovicova & Barancikova
2011).

More detailed information about delimitation of
agricultural land and about input data can be found
in the publication of Tarasovicova et al. (2009) and
Barancikova et al. (2011).

Statistical evaluation

Basic statistical parameters between SOC stock
and organic carbon inputs were processed. Evalua-
tion of statistical results proceeded in STATGRAPH-
ICs Centurion XVI.

RESULTS AND DISCUSSION

Development of SOC stock on arable land and per-
manent grasslands

As can be seen in Figure 1, the average value
of SOC stock on grasslands is higher in compar-
ison to arable soils. This is consistent with the
literature data that indicate that the difference
of SOC pool between arable land and grass-
lands may represent up to 60% (Guo & Gifford
2002). High intensity of SOC mineralization
and thus reduction of SOC stock on arable land
is caused primarily by the deep ploughing (Chu-
kov 2000).

11
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According to the modelling data, the SOC stock
on agriculture soils until 1994 gradually increased
and higher growth was recorded on permanent
grasslands (Figure 1). After 1994, the SOC stock on
grasslands started to slightly decrease, while on ar-
able soil is maintained at the reached level (Figure
1).

As mentioned in the introduction, SOC stock on
agricultural soils is mainly influenced by organic car-
bon inputs from plant residues and manure (Schulp
& Verbung 2009; van Wesemael et al. 2010). Ac-
cording to the data in Table 1, it is clear that C input
from crop residues on arable soils during modelling
period continuously increased, but the carbon input
from farmyard manure significantly declined. In the
case of grasslands, a sharp decline of carbon input
from grazing of livestock and also slight decrease
of C input from plant residues (Table 2) can be the
reason of higher decline of SOC stock on grasslands
in comparison to arable soils.

Figure 1 shows that decline of SOC stock in ag-
ricultural soils of Slovakia after 1994 is evident. If
carbon inputs are divided into two periods, 1970—
1994, 1995-2007, it is clear that the C inputs in the

have had adversely affected the SOC stock in this
period.

Besides, the significant changes observed in
carbon inputs, slightly decreasing the SOC stock
on grasslands and maintaining SOC stock at the
reached level on arable land since 1994, may be due
to the increasing of average annual temperature re-
corded in Slovakia (Table 3). In the first two decades
(1970-1990), the average temperatures in Slovakia
were almost identical; however, in the last two de-
cades a significant warming in Slovakia has been
observed, which characterizes the increase in annual
temperature in the last two decades of the modelling
period (Table 3). The decline of SOC stock has been
due to the rising temperature, mentioned by Smith ez
al. (2005), on agricultural land of 15 EU countries
and arable land in European Russia and Ukraine
(Smith et al. 2007). Xu et al. (2011) reported that in

Table 3

Average year temperature (T) in individual decades

first period are higher than that in the second period Time-interval Average year T [*C]
primarily on permanent grasslands (Tables 1 and 2). 1970-1979 8.38
Lower inputs of organic carbon into the soil after 19801989 8.21
1994 has resulted from the changes in the methods 1990-1999 8.77
of Slovak agriculture since the early 90s, and may 2000-2007 9.12

Table 1
Average year C input of crop residues (C CR) and farmyard manure (C FYM)
during modelling period (1970-2007) on arable land
Time-interval C CR [t/ha] C FYM [t/ha] ¢ ?:;;;;TM

1970 - - 1.16
1970-1979 1.10 0.93 2.03
1980-1989 1.07 0.93 2.00
1990-1999 1.18 0.45 1.63
2000-2007 1.22 0.36 1.58
1970-1994 1.16 0.56 1.72
1995-2007 1.33 0.36 1.69
1970-2007 1.14 0.47 1.61

12
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response to higher temperature, RothC predicted a
decrease in the SOC stock of Irish grasslands. Also
our results (Barancikova et al. 2011) show decreas-
ing of SOC stock prediction by RothC model as re-
sponse to higher temperature.

The total stock of SOC in the whole area of ag-
ricultural soils of Slovakia in the top 0.2 m of soil
in present time is more than 60 million tons (Figure
2). However, it should be noted, that the territory
in which the modelling of SOC stock was realized

Table 2

Average year C input of crop residues (C CR) and C of excreta of grazing animals (C EGA) during modelling
period 1970-2007 on grasslands

L CCR+ CEGA
Time-interval C CR [t/ha] C EGA [t/ha] [t/halyear]
1970 - - 1.57
1970-1979 1.99 0.62 2.61
1980-1989 1.99 0.68 2.67
1990-1999 1.66 0.42 2.08
2000-2007 1.51 0.26 1.77
1970-1994 2.00 0.60 2.60
1995-2007 1.45 0.29 1.74
1970-2007 1.80 0.51 1.31
60 [
50 [
=)
=
Q
o
%)
40 [
0 N S S S Sy 1N I S Y Iy I I S Y I O v |
1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006
—a— SOC (G) —o— SOC (AL)

AL — arable land, G — grassland

Figure 1. Development of average values of simulated SOC stock [t/ha] during modelling period on the arable land
(AL) and grassland (G) of Slovakia
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represents about 85% of the total agricultural area
according to the latest version of LPIS (Land Par-
cel Identification System) (year 2011). This is the
consequence of that modelling of SOC stock in
10 x 10 km grids following the subsequent criteria.
As the primary criterion, for the selection of terri-
torial units suitable for modelling, a parameter of
25% of agricultural land of the total area of cell was
chosen. Another criterion was at least 25% of arable
soils / grasslands from such grid which contain more
than 25% of agricultural land. The final criterion for
modelling arable land/grasslands was 40% of the
relevant category of land type in the cell. From this
reason, the modelled area of the agricultural land is
less than the real area of agricultural land according
to the latest version of the LPIS. Modelling of SOC
stock included 271 grids of arable land and 96 grids
of pasture.

As can be seen from Figure 2, a considerable
part of SOC stock is located in arable land and is
approximately 4 times greater than on grasslands,
despite the fact that average stock of SOC in t/ha on
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grassland is higher than on arable soils (Figure 1).
This is because the arable land of the modelling area
is significantly larger as grasslands and represents
about 80% of the Slovak agricultural soils.

Changes of SOC stock in different climatic condi-
tions

Based on division of the territory of Slovakia
on agro-climatic regions, it is clear that the highest
SOC stocks in top of 0.2 m of soil in t/ha are in the
agro-climatic region 00 on Danubian lowland (Fig-
ure 3) and agro-climatic region 10 on the mountain
soils of north and central Slovakia.

As can be seen from Figure 4, in agro-climatic
regions 00—06 on southwest and southeast part of
Slovakia evident increasing of SOC stock until 1994
was observed. In the mountain area of Flysh zone,
Tatra and Orava Basin and Orava highland there
are mainly Cambisols and Stagnosols increasing of
SOC stock minimal (Figure 4). On the basis of dif-
ferent developments of SOC stock on arable land of
agro-climatic regions, these regions can be divided
into three groups.

G AL+G
Figure 2. SOC inventories (t) on arable land (AL) and grasslands (G) on modelled territory in 2007
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Changes of SOC stock in arable land

In the first group are arable lands of agro-cli-
matic regions 00—02 on Danube and Zahorie low-
lands. This group’s characteristics influenced the
increasing of SOC stock during the entire mod-
elling period (1970-2007); however, in the first
term (1970-1994), increasing of SOC stock is
higher than in the second modelling term (1995
2007) (Figure 3).

The second group includes arable lands of
agro-climatic regions 04—06. This group’s char-
acteristics influenced the increasing of SOC stock
until 1994 and from this period the SOC stock has
remained the same (Figure 3).

In the third group are arable lands of agro-cli-
matic regions 03, 07—10 localized mainly on Easter
Slovak Lowland (03) and northeast part of Slovakia
on Flysh zone of Ondava Highlands and Cergov and
on north part of Slovakia on Tatra and Orava Ba-
sins and Orava Highlands. In agro-climatic regions
07-10, the lowest increasing of SOC stock until

1994 was determined and in the following period
a decrease of SOC stock was found (Figure 3).

Different development of SOC stock in indi-
vidual agro-climatic regions can be primarily due
to different carbon inputs, because in agro-climatic
region 10 the carbon inputs represent only 66% of
C inputs of agro-climatic region 00 (Table 4). In-
creasing of SOC stock until 1994 on all regions and
following stagnation or decreasing can be due to
different C inputs (Table 4). Another reason can be
more favourable climate and pedological conditions
in region 00 in comparison to region 10.

Changes of SOC stock in grasslands

Development of SOC stock on grasslands are
not modelled in agro-climatic regions 00—02 and
04 because the area of grasslands is low and rep-
resents less than 40% of agricultural land.

As can be seen from Figure 5 the highest

SOC stock on grasslands is on Fluvisols and
Luvisols of agro-climatic regions 03 and on
mountain meadows of region 10.

Likewise, on

s

SOC (agroclimatic region)
| 27.74vma (06)
32.45 tha (02)
33.35 tha (04)
33.54 thha (07)
B 33.72 tha (05)
I 34.22 tha (03)
I 34.37 tha (01)
I 35.14 tha (08)
I 35.87 tha (09)
I 4548 tha (00)
I :5.06 tha (10)

Figure 3. SOC stock in 2007 on the agro-climatic regions of Slovakia
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arable land until 1994 slight increase of SOC
on grasslands was determined and after this pe-

riod the SOC stock decreased. Decreasing of

Table 4

SOC stock after 1994 can be due to substan-
tial lower carbon inputs after 1994 (Table 4).

Average organic carbon (C) input [t/ha/year] on arable land (AL) and grasslands (G) according to agro-climatic

regions in the first (1970-1994) and second (1995-2007) modelling period

Aoro-climate region Input C Input C Input C Input C
gro-ciimate regions 1970-1994 AL 1995-200 AL 1970-1994 G 1995-2007 G
00 2.024 2.160 _ -
01 1.940 2.005 - -
02 1.778 1.885 - -
03 1.667 1.671 3315 1.436
04 1.799 1.698 - -
05 1.628 1.589 2.816 1.642
06 1.429 1.396 2.479 1.425
07 1.487 1.375 2.613 1.678
08 1.474 1.375 2.582 1.672
09 1.350 1.247 2.498 1.943
10 1.464 1.319 2.555 1.905
50
B0 A9 T 2007
40
£30 7
= 7
Q 7
o)
wn
20
7,
10 7
A
7
02 04

Figure 4. Development of SOC stock [t/ha] according to agro-climatic regions on arable land
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The relationship between agro-climatic regions and
SOC model values

As the SOC stock is also influenced by climatic
parameters, particularly temperature and moisture,
we are trying to analyze the relationship between the
SOC stock and agro-climatic regions of Slovakia.

Statistical analysis of the relationship between
the modelled values of SOC stock (respectively one
of the most important input parameters of the model
RothC — carbon inputs) and agro-climatic regions

was performed in the STRATGRAPHICs Centurion
XVI. The statistical dependence between two quan-
titative variables was evaluated by Pearson paramet-
ric correlation coefficients that are not sensitive to
outlying values (Table 5).

Pearson correlation coefficients indicate a lin-
ear relation between SOC stock in the year 1970,
1994 and 2007 and one of the most important input
parameters of the model RothC — carbon inputs in
the period 1970-2007. In the case of grasslands, the

Table 5

Pearson correlation coefficients

Pearson correlation coefficients

Agro-climatic region

SOC stock [t/ha]

Carbon input [t/ha]

1970 year

1994 year

2007 year 1970-2007

0.26"
0.01

Grasslands
Arable land

0.22*
0.10

0.35*
—0.52"

0.27*
-0.26"

P <0.05

70

60

50

40

SOC [t/ha]

30

20

10

0 3 5 6

7 8 9 10
Figure 5. Development of SOC stock [t/ha] according to agro-climatic regions on permanent grasslands
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positive correlation between SOC stock and carbon
input as independent variables and agro-climatic
regions as dependent variable indicates increasing
of SOC stock in agro-climatic regions marked by a
higher number. Pearson correlation coefficients be-
tween SOC stocks in 1970, 1994 and 2007, and agro-
climatic regions are lower in the case of arable land
than in the case of permanent grasslands. A higher
degree of dependence was determined only for one
of the most important input data of the model RothC
— carbon inputs in the period 1970-2007. Contrary
to grasslands’ negative dependences between SOC
stock in 2007 and carbon inputs in the period 1970
to 2007 were found.

CONCLUSIONS

Results receiving from modelling of SOC stock
on agricultural land of Slovakia show increasing
of SOC stock in the first modelling period (1970—
1994) on arable land and permanent grasslands.
In the second modelling period (1994-2007) no
significant changes in SOC stock on agricultural
Slovak land was observed.

However, the changes in development of SOC
stock are not equal on all agro-climatic regions
of Slovakia. On arable land of Dunubian and Za-
horie lowlands during the entire modelling pe-
riod (1970-2007), increase of SOC stock was
observed. But on north-eastern Slovakia on Flysh
region of Ondava Highlands and on Tatra and
Orava basins, low increasing of SOC stock only
until 1994 was found. In the second modelling pe-
riod (1995-2007), decreasing of SOC stock on ar-
able land of north-eastern Slovakia was observed.
The results of statistical analysis show significant
relationship between the most important input pa-
rameter of the model RothC — carbon inputs in the
period 1995-2007 and agro-climatic regions.

Development of SOC stock on permanent
grasslands of all agro-climatic regions showed
equal trend — gradually increasing of SOC
stock until 1994 and subsequent decline. Re-
sults of statistical analysis on grasslands in-
dicate the positive correlation between SOC
stock, and carbon input as independent vari-
ables and agro-climatic regions as dependent var-

18

iable indicate increasing of SOC stock in agro-
climatic regions.

The obtained results show that modelling of SOC
stock can be an effective way of estimating changes
in SOC and can be used in the prediction of SOC
stock at a national scale. It can be concluded that
the system presented in this study, linking the RothC
model and soil/climate/management spatial data, can
be useful to estimate the potential changes of SOC
stock on Slovak agricultural land and its response to
human driven changes in land use within different
climate and other natural conditions.
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