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Monitoring of soil organic carbon (SOC) is a part of the Partial Monitoring system — Soil (CMS-P). CMS-P consists of two
subsystems. One of them is a subsystem of the key monitoring sites (16) in sampling repetition every year. The key monitoring
localities cover all soil types, soil use (cropland, grassland) and a wide range of altitudes (111—975 m). In 16 key monitoring
localities the content of SOC in topsoil is measured every year. This article shows the development of SOC content for a 30-year
period on all key monitoring sites, separately on cropland, grassland and sites with land use changes, in lowland (<300 m) and
mountain soils (>300 m). The 30-year monitoring period was divided into three time periods. On all key monitoring localities,
separately on grassland and cropland and on lowland and mountain soils, the lowest median SOC content in the first time period
was found. The reason could be substantial changes in Slovakia’s agriculture, mainly a sharp drop in organic fertiliser consump-
tion on 90-ties. Between the first and second time period, SOC content is statistically significantly increased. We assume that it
was caused by the state subsidy policy to increase the content of organic matter in the soil. Between the second and the third time
period, changes of SOC content were negligible. Our results also show that the main driving forces affecting SOC content are
altitude (statistically significantly higher SOC content on mountain soils compared to lowland), land use and land use changes
(statistically significant higher SOC content on grassland compared to cropland).
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Soil organic matter (SOM) represents a balance
between inputs (plant and animal residues), on the
one hand, and outputs such a mineralisation and
leaching, on the other hand. In intensively used agri-
cultural soils, mainly cropland, SOM is only a small
percentage of soil mass; however, SOM impact on
all soil ecosystem services, including soil fertility,
regulating soil services such as water holding ca-
pacity and climate regulation, is crucial (Campbell
& Paustian 2015; Srivasta et al. 2016; Kopittke et
al. 2022). Depending on its use, soil can sequester
or emit greenhouse gases and regulating these flows

is extremely important for ongoing climate change.
Soil organic carbon (SOC), as a basic element of
SOM, is a key component of soil health and soil
quality (Chevalier ef al. 2016; Lal 2016; Razaghi
2022). Currently implemented strategies for global
organic carbon sequestration are increasingly rele-
vant for climate change mitigation as well as for im-
proving food production (Moinet et al. 2023). The
EU also supports the sequestration of organic car-
bon in soil through the Green Deal (2019), and SOC
is included as one of the main soil descriptors in the
proposal for a Directive of the European Parliament
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and of the Council on Soil Monitoring and Resil-
ience, Soil Monitoring Law (Directorate-General
for Environment 2023).

Soil organic carbon is affected by natural condi-
tions and human activities (Eckelmann et al. 2006;
Tayebi et al. 2021). The main natural factors affect-
ing SOC dynamics are soil properties, climate char-
acteristics and geographic factors (Poeplau & Don
2015).

As regards soil properties, important predictors
of SOC can be parent material (Gray et al. 2016;
Adhikari et al. 2019) and soil types (Mayes et al.
2014; Wiesmeier et al. 2014; Ottoy et al. 2022).
The importance of parent material for SOC storage
lies mainly in the silica content of the former due
to weathering and geological source (Schulp ef al.
2009). Soil type can be associated with SOC storage
in the whole soil profile (Schulp et al. 2009; Wies-
meier et al. 2014) and can be a good indicator,
which integrates with a wide range of soil properties
that influence SOC stock formation (Wiesmeier et
al. 2013; Mayes et al. 2014). In one of our previ-
ous studies (Barancikova et al. 2019a) on three soil
types, it was found that across all evaluated ecosys-
tems (cropland (C), grassland (G) and forest), the
highest SOC content [%] was detected in Haplic
Chernozem, followed by Eutric Cambisol and Luvic
Stagnosol in decreasing order.

Next important soil parameters that influence the
formation of SOC storage are soil texture (Wies-
meier et al. 2019; Ledo et al. 2020; Wyngaard et
al. 2022, and many others). It can be said that the
amount of SOC stock can be assessed from the fine
fraction characteristic of soil texture, and many
studies found a significant correlation between SOC
stock and clay content (Arrouays et al. 2006; Tayebi
et al. 2021; Skalsky et al. 2024).

Climate conditions, in particular temperature and
precipitation, are next to natural key factors con-
trolling SOC content on global and regional levels
through their impact on carbon input and its decay
in soil (Jobagy & Jackson 2000; Allen ef al. 2013;
Doetterl et al. 2015; Hobley et al. 2015; Meersman
et al. 2016; Koven et al. 2017; Yigini et al. 2017,
Funes et al. 2019; Ledo ef al. 2020). Humid con-
ditions increase the formation of SOC, stabilising
mineral surfaces by intensified weathering of the
parent material (Doeterl et al. 2015). Temperature
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affects decomposition of SOM, and many studies
indicated a decrease in SOM with increasing tem-
perature (Jobbagy & Jackson 2000; Wei ef al. 2014;
Gray et al. 2016; Koven et al. 2017). Higher tem-
peratures accelerate the decomposition of SOM;
consequently, in soil, organic matter mineralisation
processes predominate over humification processes
(Webb et al. 2003). Some regional (Hobley et al.
2015) as well as global (Jobbagy & Jackson 2000;
Koven et al. 2017) studies report a significant rela-
tionship between average annual precipitation and
SOC stocks. Other studies report a stronger relation-
ship between SOC supply and temperature (Allen et
al. 2013; de Brogniez et al. 2014; Ledo et al. 2020).
In general, the level of SOC accumulation is higher
in colder and wetter regions, medium in warmer and
wetter regions, and lowest in dry and hot regions
(Wiesmeier et al. 2019).

In this context, it is clear that altitude may be
a better indicator of SOC reserves than climate pa-
rameters alone are, as it integrates the effects of tem-
perature and precipitation while reflecting erosion
and accumulation processes that are important fac-
tors in the spatial distribution of soil types as well as
soil depth (Leifeld et al. 2005; Barancikova & Ma-
kovnikova 2013; de Brogniez ef al. 2014; Kuhnel et
al. 2019; Wiesmeier et al. 2019; Wust-Galley et al.
2019; Skalsky et al. 2024).

In the present time, besides natural indicators im-
pact of human activities represents a significant ef-
fect on SOC content, mainly coming land use (crop-
land, grassland, forest), changes in land use, and, in
the case of intensively used agricultural soils, soil
management (Guo & Gifford 2002; Poeplau et al.
2011; Maillard & Angers 2014; Wei et al. 2014; Ba-
ranc¢ikova et al. 2019a,b; Skalsky et al. 2024). From
the point of soil use, grassland (meadows, pastures)
and forests have high SOC accumulation poten-
tial. On the other hand, SOC content in intensively
used cropland is substantially low, and cropland can
usually be a source of organic carbon (Schils et al.
2008).

Bensalma (2024) reports that, compared to soils
under natural vegetation, under the same environ-
mental conditions, intensively used cropland has
a lower SOC content compared to grasslands/mead-
ows/pasture and forest ecosystems. In our previous
study, it was found that the same soil type under
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identical agroclimatic conditions contains the lowest
SOC content on cropland, higher on grassland and
the highest SOC content was found in forest (Ba-
rancikova et al. 2019a).

SOC content is mostly affected by land use
changes (Seitz et al. 2025). Guo and Gifford (2002)
based on meta-analyses, show that the conversion of
pasture to arable land has decreased SOC by up to
59%. Loss of SOC content after conversion of nat-
ural ecosystems into agricultural land has been con-
firmed by many others as well (Poeplau ef al. 2011;
Wei et al. 2014; Barancikova et al. 2016; Meers-
man et al. 2016; Bouchmons et al. 2017; Ledo et al.
2020; Dou et al. 2025).

The main source of SOC in agricultural soils is
decomposition of plant residues and application of
manure (Schulp & Verbung 2009; van Wesemael et
al. 2010; Wang et al. 2013; Banwart et al. 2015; De-
chow et al. 2019). The substantial reasons of SOC
loss in cultivated soils are erosion, lower C inputs
in croplands, reduced stabilization of SOM due to
deteriorated aggregation and following mineralisa-
tion stimulated by increased of soil temperature and
aeration (Hamza & Anderson 2005). At present, due
to the incorrect structure of the crop rotation sys-
tem, reduction in the supply of exogenous organic
matter and deterioration of the overall management
of agricultural land lead to a gradual loss of organic
matter on intensively arable soils. On the other side,
many studies show that organic farming, sustainable
land management practices, which including crop
rotation diversity (Tiemann et al. 2015; Jimenez-
Gonzales et al. 2023; Guistiniani ef al. 2024; Mavsar
et al. 2025), mulching, supply of organic matter and
organic fertilisers to the soil (Berti et al. 2016), crop
rotation with inter-crops (Slepetiene et al. 2024),
diversified crop rotation (Simon ez al. 2024), cover
crops (Poeplau & Don 2015; Valkama ef al. 2020;
FAO 2021; Baartman et al. 2022; Seitz et al. 2023;
Budai et al. 2024; Fohrafellner at al. 2024), soil
fertility management, rotary grazing, cultivation of
perennial crops with inter-crops (Ledo et al. 2020;
Seitz et al. 2023), temporary grassland in rotation
(Launay et al. 2021), control of wind and water ero-
sion, the application of soil protection technologies
(Jarecki & Lal 2003; Valkama et al. 2020), and ex-
ternal carbon input as compost (Banwart et al. 2015;
Tifenbacher et al. 2021), manure (van Wesemael et

al. 2010; Maillart & Angers 2014; FAO 2021; Tifen-
bacher et al. 2021; Liang et al. 2024; Simon et al.
2024), straw (Wang et al. 2021; Lin et al. 2024),
municipal waste (Kowalska er al. 2020), sewage
sludge application (Lecciolle Paganini et al. 2024),
biochar (Budai et al. 2024) or agroforestry (FAO
2021; Lesaint et al. 2023; Dmuchowski et al. 2024),
together with changes in tree species (Francviglia
et al. 2019) can significantly affect the dynamics of
topsoil SOC accumulation in intensively used ag-
ricultural soils. A region-specific approach, includ-
ing the importance of identifying and overcoming
sociotechnical barriers, and accepting bio-physical
limits that may be expanded by innovation should
be considered (Heller et al. 2024).

Based on the mentioned facts, it can be conclud-
ed that altitude, as a natural factor and soil use, as
an anthropogenic factor, can be two main driving
forces affecting SOC content.

In Slovakia, information on the content and qual-
ity of SOM can be obtained from the Partial Mon-
itoring System — Soil (CMS-P) starting in 1993.
CMS-P consists of 2 basic subsystems:

- the basic network of monitoring sites (318) in
a 5-year sampling repetition, mainly on agricul-
tural soils,

- key monitoring sites (16) in sampling repetition
every year.

On a basic network of monitoring sites, SOC
concentration is determined on topsoil (0—0.1 m)
and under the plough layer (0.35—-0.45 m). In key
monitoring localities, SOC concentration is mea-
sured only on topsoil (Kobza et al. 2024). In this pa-
per, we will focus on the differences in SOC content
on key monitoring localities and the development of
SOC on these localities during a 30-year monitoring
period.

The goal of this study is to find out:

a) if altitude as a natural factor and soil use as an
anthropogenic factor can be considered as key
driving forces affecting SOC content on key soil
monitoring sites,

b) development of SOC content on key monitoring
sites among three time periods.
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MATERIAL AND METHODS

Key monitoring sites are in different agro-cli-
mate regions and cover all main soil types of agri-
cultural soils of Slovakia (Figure 1). On soil types,
with higher representation in Slovakia, there are
more localities, on Cambisols and Stagnosols are 4
localities, on Fluvisols, three localities. On Cherno-
zem, Phacozem and Regosol is only 1 key monitor-
ing locality. In the case of Stagnosol and Cambisol,
key monitoring localities are located on cropland
and grassland, on Fluvisol, Chernozem, and Phae-
ozem, which are used mainly for intensive cropland,
key monitoring localities are only on cropland. The
subsystem of key monitoring localities consists of
19 sites; however, SOC content is measured every
year on 16 of them.

For the evaluation of SOC differences according
to altitude and land use point of view and for the
evaluation of the development of SOC content for
30 years, 15 key monitoring localities were select-
ed. Locality Macov was the key monitoring locality
only in the time period 1993-2015. In 2016, this
locality was removed (this area was exempted from
agricultural soils) and 2016 was replaced by the lo-
cality Velky Lég. Because the localities Macov and
Velky Lég consist of significantly lower numbers
of SOC values than other localities, these locali-

ties were not included in the evaluation. A detailed
description of the 15 key monitoring localities is
shown in Table 1.

In key monitoring localities, SOC concentration
[%] is measured every year on topsoil, 0—0.1 m.
From the period 1993-2007, SOC concentration
according to the Tyurin method (wet way) was mea-
sured. From 2008—-2024, SOC concentration was
measured on an Elemental analyser (dry way) (Kob-
za et al. 2011). Up to an organic carbon value of 3%,
both methods give comparable results. Above 3%
the dry method gives slightly higher values, because
in soil samples with a higher content of SOC, com-
plete oxidation by the wet method (Tyurin method)
does not occur. When comparing SOC values in soil
samples higher than 3% of SOC determined by the
wet and dry methods, the conversion pedotransfer
equation is used (Barancikova & Makovnikova
2015). From all key monitoring localities, only in
locality Sihla, during all 30-year period, SOC con-
tent was higher than 3%.

At the beginning of monitoring, the SOC con-
tent was not determined every year. To be able to
divide the 30 years into three equal time periods,
with a comparable number of SOC values, the first
time period takes years 1993—-2004 and this time
period contains, on almost all key monitoring lo-
calities, 10 values of SOC. One key monitoring lo-

Legend:

Figure 1. Rated key monitoring sites.

@ Cropland © Grassland
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cality (Liesek) consists of 9 SOC values, and one
key monitoring locality (Dvorniky) consists of 11
SOC values. The second time period (2005-2014)
and the third time period (2015—-2024) consist of 10
SOC values.

The created files did not meet the conditions of
normality of the files; therefore, tests that work with
the median of the files were used in further analysis
and comparison of individual files across time peri-
ods. Kruskal-Wallis Test and Mood’s Median Test
were used for comparison between the three files.
Wilcoxon W-test (to compare medians) and Kolm-

ogorov-Smirnov Test (to compare the distributions
of the two samples) were used to compare two files.
The STATGRAPHICS CENTURION XV program

for all statistical analyses was used.

RESULTS AND DISCUSSION

Overall Development of SOC Content on Key Mon-
itoring Sites

On all 15 key monitoring sites, which included
all main soil types on agricultural land of Slovakia,

Table 1

Detailed description of the evaluated key monitoring localities

. . . Altitude Soil types (IUSS Working . Clay
Locality Climate region [m.s.l] Group WRB 2015) Soil use (%]
Ziar nad warm, moderately hu- 277 Luvic Stagnosol (Siltic, G 18.37
Hronom mid, with mild winter Albic) ’

" warm, moderately hu- Haplic Planosol (Albic,
Kos mid, with mild winter 292 Eutric, Siltic) ¢ 23.06

“ warm, moderately hu- Luvic Stagnosol (Albic,
Jelsava mid, with cool winters 289 Siltic, Eutric) c/a/e/a 17.01
Liesek moderately cool 673 Haplic Stagnosol (Siltic, CIGICIG 17.61

Eutric)

. moderately warm, very Haplic Cambisol (Skele-
Rakovd humid, highlands 477 tic, Dystric, Siltic) G 16.48

. moderately warm, very Stagnic Cambisol (Siltic,
Istebné humid, highlands 42 Eutric) C/G 2135

. Haplic Cambisol (Skele-
Sihla moderately cool 975 tic, Dystric, Siltic) G 12.19

moderately warm, mo- . . o
Krompachy derately humid, with a 390 Stagnic Cambisol .(Slltlc’ G 15.96
. 3 Eutric, Skeletic)
cold winter, valley/basin

. warm, moderately dry Gleyic Fluvisol (Anthric,
Dvorniky with mild winter 151 Siltic, Calcaric) C 18,9

. warm, very dry, with Haplic Fluvisol (Anthric,

Topolniky mild winter i Calcaric, Siltic) c 17.83
. warm, moderately hu- Haplic Fluvisol (Enthric,
Nacina Ves mid, with cool winters 121 Eutric, Siltic) ¢ 31.44
o . Haplic Phaeozem
Spisska Bela moderately cool 627 (Anthric, Eutric, Siltic) C 18.56
warm, very dry, with Haplic Chernozem
Voderady mild winter 134 (Anthric, Siltic, Calcaric) C 26:42
warm. moderately hu- Cutanic Luvisol (Anthric,
Malanta e antor 172 Siltic, Abruptic, Hype- C 27.54
? reutric)
i warm, moderately dry Haplic Arenosol
Moravsky Jan with mild winter 170 (Dystric) C/G/C 5.55

C — cropland; G — grassland; WRB — World Reference Base for Soil Resources.
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with different land use (cropland, grassland, locali-
ties with land use changes) and a wide range of alti-
tude (111—-975 m) median SOC content is the lowest
in the first time period. Between the first and second
time period, SOC content significantly increased,
and this increase was statistically significant (Fig-
ure 2, Table 2). Negligible increase of SOC content
was also detected between the second and third time
period, but this increase was not statistically signif-
icant (Figure 2, Table 2). The same development
of median SOC content, statistically significant in-
crease between the first and second time period, was
found on all key monitoring localities separately on
cropland and grassland (Figure 2, Table 2).

Compared the second and third time period, me-
dian SOC content on cropland was at the same lev-
el and on grassland slight decrease was found. The
changes between the second and third time period
on all cropland and grassland were not statistically
significant (Figure 2, Table 2).

In all three time periods, the SOC content on
cropland was statistically significantly different,
lower compared to grassland (Figure 2, Table 2). As
it was mentioned above, higher input of plant and
root residues in grassland soils stabilises the SOC
content in the topsoil. Intensive agriculture, mainly
lower input of organic matter, is a reason for sub-
stantially lower SOC content in cropland (Wiesmei-
er et al. 2019; Bensalma et al. 2024).

3.5

2.5

1

SOC [%]
n

—_—
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()]

(=]

m [ time period

| [I. time period

Also, when we divide key sites according to al-
titude, into lowland (<300) m a.s.l. and mountain
soils (>300 m a.s.l.), a statistically significant dif-
ference was found, and an increase of SOC content
between the first and second time periods was de-
tected. SOC changes between the second and the
third time periods were not statistically significant
(Figure 2, Table 2). A gradual increase in median
SOC content, in all time periods, was found only on
mountain soils (Figure 2).

In all three time periods, the SOC content on
the lowland was lower compared to mountain soils
(Figure 2, Table 2). In the lowland temperature is
higher compared to the mountain area. As reported
by Wiesmeier (Wiesmeier et al. 2019), the level of
SOC accumulation is higher in colder and wetter re-
gions, which is characteristic of higher altitude, and
lower in warmer and dryer regions, characteristic of
areas of lower altitude. Higher median SOC content
on key monitoring localities on mountain soils com-
pared to lowland, agrees with many studies (Leifeld
et al. 2005; Barancéikova & Makovnikova 2013; De
Brogniez et al. 2014; Skalsky et al. 2024).

That are many reasons for the low SOC content
in the first time period on key monitoring sites. It
could be intensive conventional soil cultivation
(Aranda et al. 2011), deep ploughing (Causarano et
al. 2006; Dou & Hons 2006), incorrect crop rota-

KL<300 m

. a.s.l.
m [II. time period

KL>300 m
a.s.l.

Figure 2. Development of median SOC [%)] values during 3 time periods.
Note: C; G —see Table 1; AL — agricultural land; SOC — soil organic carbon; KL — key localities.

I.  time period: 1993-2004
Il time period: 2005-2014
Ill.  time period: 2015—-2024

AL — agricultural land
C — cropland
G — grassland
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tion (Machado et al. 2006) or insufficient supply of
quality organic matter (Stetson et al. 2012). In Slo-
vak agriculture, the reason for the low SOC content
in the first time period (1993-2004) on cropland
could be conventional soil cultivation, monoculture
cultivation on large agricultural areas and above all
sharp drop in organic fertiliser consumption mainly
on 90-ties (Bielek 2017). On grassland/pasture, low
SOC content may be caused by inappropriate mow-
ing time and grazing intensity (Soussana et al. 2006;
Ward et al. 2016; Whitehead et al. 2018; Abdalla et
al. 2021).

An increase in SOC content in the second time
period can have multiple causes. An increase of
SOC content on cropland can be achieved by crop
rotation diversity (Abdalla ef al. 2013; Tiemann et
al. 2015 ), mulching, supply of organic matter and
organic fertilisers to the soil (Tifenbacher et al.
2021; FAO 2021; Liang et al. 2024), soil fertility
management, agroforestry, rotary grazing, cultiva-
tion of perennial crops (Ledo ef al. 2020; Seitz et
al. 2023; Dmuchowski et al. 2024), the application
of soil protection technologies (Jarecki & Lal 2003;
Valkama et al. 2020), and application of biowastes
(Kowalska et al. 2020).

In Slovakia, after 2000 year the situation in Slo-
vak agriculture partially stabilised since one of the
priorities of the state subsidy policy was to increase
the content of organic matter in the soil through
organic fertilisation or the share of arable land on
which soil protection technology is applied, which

Table 2

Comparison of SOC changes among individual time periods

Localities I.-1II. 1. -1I1. I.-TIII.
KL total + 0 +
KLC + 0 +
KLG + 0 +
KL <300 m a.s.l. + 0 +
KL>300 m a.s.1. + 0 +
KL C/KL G + + +
KL <300/ m >300 m + + +
KL — key localities -+ — statistically significant difference
C — cropland the 95% significance level

G — grassland 0 — statistically insignificant difference
Note: SOC — see Figure 2.

included incorporating post-harvesting residues
(Kova¢ et al. 2010). The post-harvesting residues
and root mass play an irreplaceable role in enrich-
ing the soil by SOM and is one of the key measures
to achieve carbon sequestration identified in the
Carboseq project (Seidel et al. 2025). Benslama
(Benslama et al. 2024) and Mavsar (Mavsar et al.
2025) state that post-harvesting residues as one of
the main measures to increase SOC content.

The reason for negligible changes in SOC con-
tent between the second and the third time periods
could be climate change, mainly the increase in tem-
perature and long dry periods predominantly in the
lowland between the second and third time periods.
In Slovakia, a significant increase in temperature,
mainly in the lowland, especially after 2010, was
detected (Barancikova et al. 2020). As reported by
Webb (Webb ef al. 2003), higher temperatures ac-
celerate the decomposition of SOM; consequently,
in soil organic matter mineralisation processes pre-
dominate over humification processes. Wiesmeier
(Wiesmeier et al. 2019) states, the lowest SOC ac-
cumulation occurs in dry and hot regions.

The reason for the gradual increase of SOC con-
tent during all monitoring period on key monitoring
sites of higher altitude could be lower temperature
and higher humidity on mountain soils compared to
the lowland (Leifeld ez al. 2005; Baranc¢ikova & Ma-
kovnikova 2013; de Brogniez et al. 2014; Skalsky et
al. 2024).

Development of SOC Content on Individual Key
Monitoring Sites

a) Individual key monitoring sites on cropland and
grassland

Most of the key monitoring sites (7) are located
on cropland, and median SOC content on these lo-
calities is in a quite narrow range from 1.1 to 2.5%
(Figure 3). The individual key monitoring localities
represent different soil types (Ko$ — Haplic Plano-
sol, Dvorniky — Gleyic Fluvisol, Spisska Bela —
Haplic Phaeozem, Voderady — Haplic Chernozem),
and only two of them (Topolniky and Nacina Ves)
are on the same soil type (Haplic Fluvisol).

On the grassland are only 4 key monitoring lo-
calities, and three of them are Cambisols (Rakova
and Sihla are Haplic Cambisol, Krompachy is Stag-
nic Cambisol) and one locality, Ziar nad Hronom,
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Figure 3. Development of median SOC [%] values on individual key monitoring localities on cropland.

Note: SOC — see Figure 2.

is Luvic Stagnosol. Cambisols are the most wide-
spread soil type in Slovakia (Bielek 2017), and the
largest number of monitoring localities are on Cam-
bisols (Kobza et al. 2024). Cambisols are infertile
soils located mainly at higher altitudes and are pre-
dominantly used as grassland/pasture (Bielek 2017).
Median SOC content on grassland key monitoring
localities is higher compared to cropland, and is in
quite a wide range, 1.5—-4.9% (Figure 4). The highest
SOC content is in locality Sihla, which is located at
the highest altitude (975 m a.s.1.).

Except for locality Ko§ (Haplic Planosol), at
all other key monitoring localities on cropland, be-

Table 3

Comparison of SOC changes among individual time
periods on individual key monitoring localities on cropland

Localities [.-1L II. - III. 1. -1IL
Kos 0 0 0
Dvorniky + 0 0
Topol'niky + 0 +
Nacina Ves 0 + +
Spisska Bela 0 0 0
Voderady + 0 +
Malanta + 0 0

+ — statistically significant difference
the 95% significance level

0 — statistically insignificant difference
Note: SOC — see Figure 2.
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tween the first and second time periods, develop-
ment of SOC content has the same trend as overall
SOC development, an increase of SOC content, and
on 4 localities (Dvorniky, Topol'niky, Voderady and
Malanta) this increase was statistically significant
(Figure 3, Table 3). In the locality Kos$, SOC content
was stable during all monitoring period (Figure 3).

Between the second and the third time periods,
SOC changes in individual localities were different.
In three localities increase was detected, in two de-
crease and in two, no changes were detected (Figure
3). A statistically significant change was detected
between the second and third time periods, an in-
crease in the organic carbon content (SOC), at the
Nacina Ves site (Figure 3, Table 3).

On all key monitoring sites on grassland-as on
cropland, between the first and second time peri-
ods, SOC increases. Statistically significant differ-
ence, increase of SOC between the first and second
time periods, was found on two localities, Ziar nad
Hronom a Sihla (Figure 4, Table 4). The changes
of SOC content between the second and third time
periods on individual grassland key monitoring lo-
calities were negligible (Figure 4).

Only in the locality Rakova gradual increase
of SOC content, during all monitoring period, was
found. In three key monitoring localities on grass-
land, statistically insignificant changes were detect-
ed (Figure 4, Table 4).

We assume that the increase of SOC content on
all individual cropland between the first and sec-
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ond time periods may be caused incorporation of
post-harvesting residues on soils, or the application
of external organic matter. These two measures are
the most widespread on Slovak arable soils and can
increase SOC content (Kovac et al. 2010; Sainju et
al. 2012; Berti et al. 2016; Valkama et al. 2020; Ben-
salma et al. 2024; Mawsar et al. 2025). Decrease of
SOC content between the second and the third pe-
riod on Sihla locality (Figure 4) can be caused by
ploughing the pasture in 2019 and then restoring the
pasture in the next years. As reported by Guo and
Gifford (2002), ploughing rapidly decreases SOC
content, and after restoring SOC content can slowly
increase.

b) Key monitoring localities with land use changes

During the 30-year monitoring period on 4 lo-
calities was found land use changes, while these
changes in individual localities were different.
Locality Jelsava (Luvic Stagnosol) in the period
1993 -2003 was cropland, in the period 2004—2011
abandoned land, 2012—2018 again cropland and
from 2019 until 2024 is pasture. Locality Liesek
(Haplic Stagnosol) in the period 1993—-1999 was
cropland, 2000—-2015 was sown clover grass mix-
ture, 2016—2018 cropland, and from 2018-2024
again was sown clover grass mixture. Locality
Istebné (Stagnic Cambisol) was cropland only at the
beginning of the monitoring period (1993—1999),
and from 2000 until 2024, on this site clover grass
mixture is sown. The locality Moravsky Jan (Haplic
Arenosol) in the period 1993—-2004 was cropland,

4

3

2
| I I
0

Ziar n/H

SOC [%]

Rakova

in the period 2005—-2011 was abandoned land,
2012-2016 cropland, 2017—-2018 fallow and from
2018 is again cropland.

In key monitoring localities, with land use chang-
es, SOC content, during all monitoring period, was
the lowest in locality Moravsky Jan (Figure 5). Soil
type in this locality is Haplic Arenosol with very low
clay content (Table 1), and among soil types of Slo-
vak agricultural soils, this soil type has the lowest
content of SOC. Quite low SOC content was found
on locality JelSava, soil type Luvic Stagnosol. Also,
this soil type, mainly on cropland, is characteristic
by low SOC content (Kobza et al. 2024).

The lowest average SOC content, on all locali-
ties with land use changes, just like on the other key
monitoring localities, was found in the first period
(Figure 5).

Table 4

Comparison of SOC changes among individual time periods
on individual key monitoring localities on the grassland

Localities I.-II 1. 111 I.-IIL
Ziar nad Hronom + 0 0
Rakova 0 + +
Sihla + 0 0
Krompachy 0 0 0

+ — statistically significant difference
the 95% significance level

0 — statistically insignificant difference
Note: SOC - see Figure 2.

Sihla

Krompachy

B [. time period ™Il time period ®IIIL. time period
Figure 4. Development of median SOC [%] values on individual key monitoring localities on grassland.

Note: SOC — see Figure 2.
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In locality Istebné, when cropland was only in
the first period, SOC content gradually increased,
mainly in the third period, and this increase was sta-
tistically significant (Figure 5, Table 5). In locality
Jelsava, when land use was changed several times,
and since 2019, it has been pasture, SOC low in-
crease and changes between individual decades
were not statistically significant (Figure 5, Table 5).

In locality Liesek, the lowest SOC content was
detected in the first period. Most of the years of this
period locality was cropland. In the second period
locality was a clover grass mixture, and between
the first and second time periods statistically signif-
icant increase of SOC on this locality was found.
In the third period, 2 years were cropland and an-
other year’s grassland, while average SOC content

Table 5

Comparison of SOC changes among individual time
periods on individual key monitoring sites with land use

changes
Localities [.-IL I1.-1I1. [.—IIL
Jelsava 0 0 0
Istebné + + +
Liesek + 0 +
Moravsky Jan 0 0 0

* — statistically significant difference
the 95% significance level

0 — statistically insignificant difference
Note: SOC — see Figure 2.

2.5

SOC [%]

—_

0.

W

=

JelSava Istebné

remained at the level of the second time period (Fig-
ure 5). In locality Moravsky Jan, SOC content in-
creased between the first and second time periods,
because in most years of the second time period, this
site was abandoned land, and in the third time peri-
od, SOC content decreased, since 2018, this locality
has again been cropland. SOC changes in this local-
ity among individual time periods were not statisti-
cally significant (Figure 5, Table 5).

On all key monitoring sites, with land use changes,
it is clearly visible that SOC content on topsoil is
very sensitive to soil use. In natural conditions, SOC
dynamics are affected by soil properties, climate
characteristics and geographic factors (Poeplau &
Don 2015), but due to anthropogenic interferences
in the soil ecosystem, SOC content is largely influ-
enced by land use (Bensalma et al. 2024). The effect
of land use changes on SOC content was confirmed
by many authors (Guo & Gifford 2002; Poepau et
al. 2011; Poeplau & Don 2013; Maillard & Angers
2014; Wei et al. 2014; Barancikova et al. 2016; Ba-
ran¢ikova et al. 2019b; Seitz et al. 2025). Guo and
Gifford (2002) based on meta-analyses show that the
conversion of pasture to arable land has decreased
SOC by up to 59% and when converting cropland to
pasture, SOC content will increase by 19%. Poeplau
and Don (Poeplau & Don 2013) in their analysis of
land use changes in Europe found that average SOC
stock at the depth of 0.3 m increased by 18 Mg/ha
when changing cropland to grassland. However, it
should be noted that while the reduction in SOC

Liesek Moravsky Jan

B[ time period MIL time period MIII. time period
Figure 5. Development of median SOC [%] values on individual key monitoring localities with land use changes.

Note: SOC — see Figure 2.
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content occurs very quickly when changing grass-
land to cropland, the opposite change, cropland to
grassland, requires a significantly longer time for the
change to be significant, as confirmed by our results.

CONCLUSIONS

Evaluation of SOC development on key monitor-
ing sites clearly showed that SOC content of topsoil
on intensively used agricultural soils is affected by
land use and land use changes. It was confirmed that
one of the main driving forces affecting SOC content
is land use, since substantially higher SOC content
on grassland compared to cropland was found. It
was also clearly shown that, among natural factors,
we can assume, the altitude is another driving force
affecting SOC content. Based on our results, the
SOC content seems to be higher at higher altitudes,
with colder and more humid conditions, compared
to the lowland with higher temperatures and dry
conditions. The development of SOC content over
30 years, divided into three time periods, was differ-
ent. The lowest SOC content at the beginning of the
monitoring period (90s) could have been caused by
strong changes in Slovak agricultural management.
Between the first and second time periods, medi-
an SOC content increased. We assume that it was
caused by the state subsidy policy to increase the
content of organic matter in the soil. Between the
second and the third time periods, negligible changes
in SOC content were detected, which could be the
consequence of a gradual increase in temperature
and long dry periods, and despite better agricultural
management, SOC content did not increase. Our re-
sults also show that if we want to increase SOC con-
tent in Slovak agricultural soils, we need to increase
the input of organic matter into the soil mainly by
measures as grassing of part of arable land, improv-
ing crop rotation systems (inclusion of cover crops
in the crop rotation system) and sufficiently high
doses of manure. All these measures are supported
by the EU (Green Deal).

Acknowledgements: The authors would like to
thank all former and current researchers and field
surveyors at the National Agriculture and Food
Centre-Soil Science and Conservation Research In-

stitute for their efforts and extensive work related to
operating and maintaining the National Monitoring
System of Agricultural Soils in Slovakia (CMS-P)
contract No 720/2023/MPRYV SR - 930.

This research was funded by the grant
LIFE24-IPC-SK-NatAdaptSK—101202890-2.

REFERENCES

Abdalla, K., Chivenge, P., Ciais, P., and Chaplot, V. (2021).
Long-term (64 years) annual burning lessened soil orga-
nic carbon and nitrogen content in a humid subtropical
grassland. Global Change Biology, 27(24), 6436—6453.
DOI:10.1111/gcb.15918.

Abdala, M., Osborne, B., Lanigan, G., Forristal, D., Williams,
M., Smith, P., and Jones, M.B. (2013). Conservation tillage
systems: a review of its consequences for greenhouse gas
emissions. Soil Use and Management, 29, 199-209. DOI:
10.1111/sum.12030.

Adhikari, K., Owens, P.R., Libohova, Z., Miller, D. M., Wikks,
S.A., and Nemecek, J. (2019). Assessing soil carbon stock
of Wisconsin, USA and its fate under future land use and
climate change. Science of the Total Environment, 667,
833-845. DOI:10.1016/j.scitotenv.2019.02.420.

Allen, D., Pringle, M.J., Bray, S., Hall, J., O'Reagain, P.O.,
Phelps, D., Cobon, D.H., Bloesch, P.M., and Dalal, R.C.
(2013). What determines soil organic carbon stocks in the
grazing lands of north-eastern Australia? Soil Research, 51,
695-706. DOI:10.1071/SR13041.

Aranda, V., Ayora-Canada, M.J., Dominguez-Vidal, A., Mar-
tin-Garcia, J.M., Calero, J., Delgado, R., Verdejo, T., and
Gonzales-Vila, F.J. (2011). Effect of soil type and manage-
ment (organic vs. conventional) on soil organic mater quali-
ty in olive groves in a semi-arid environment in Sierra Ma-
gina Natural Park (Spain). Geoderma, 164(1-2), 54—63.
DOI:10.1016/j.geoderma.2011.05.010.

Arrouays, D., Saby, N., Walter, C., Lemercier, B., and
Schwartz, C. (2006). Relationships between particle-size
distribution and organic carbon in French arable topsoils.
Soil Use Management, 22, 48—51. DOI:10.1111/j.1475-
2743.2006.00020.x.

Baartman, J.E.M., Nunes, J.P., van Delden, H., Vanhout, R.,
and Fleskens, L. (2022). The effects of soil improving cro-
pping systems (SICS) on soil erosion and soil organic car-
bon stocks across Europe: A simulation study. Land, 11(6),
943. DOI:10.3390/1and11060943.

Banwart, S.A., Black, H., Cai, Z., Gicheru, P.T., Joosten, H.,
Victoria, R. L., Milne, E., Noellemeyer, E., and Pascual, U.
(2015). The global challenge for soil carbon. In Banwart,
S.A., Noellemeyer, E. and Milne, E. (Eds.) Soil Carbon.
Scope Series vol. 7/, Cabi International, Boston, pp.
1-9. Available at: https://www.cabi.org/Uploads/CABI/
Open-Resources/45322/chapter-1.pdf.

Baranc¢ikova, G., Gomoryova, E., Tobiasova, E., Makovnikova,
J., Koco, S., Halas, J., Skalsky, R., Tarasovi¢ova, Z., and
Takac, J. (2019b). Soil Organic Carbon and its Response on
Slovak Land Use [Pédny organicky uhlik a jeho odozva na
vyuzivanie krajiny Slovenska]. Bratislava: NPPC-VUPOP,
105p.

Baranc¢ikova, G. and Makovnikova, J. (2013). Development
of soil organic carbon content on Slovakia and its actual
stock in depending on the altitude [Vyvoj obsahu pddneho

117



Agriculture (Polnohospodarstvo), 71, 2025 (3): 107 — 121

organického uhlika na Slovensku a jeho aktudlna zasoba
v zavislosti od nadmorskej vysky]. In Houskova, B. (Ed.)
Proceedings of Soil Science and Conservation Research In-
stitute, 35, 5—15.

Barancikova, G. and Makovnikova, J. (2015). Comparison of
two methods of soil organic carbon determination. Polish
Journal of Soil Science, XLVIII/I, 47—56. DOI:10.1795/
pjss/2015.48.1.47, PL ISSN 0079-2985.

Barancikova, G., Makovnikova, J. and Halas, J. (2016). Effect
of land use change on soil organic carbon. Agriculture (Pol-
nohospodarstvo, 62(1), 10—18. DOI:10.1515/agri-2016-
0002.

Barancikova, G., Takac, J. and Karolova, B. (2020). Compari-
son of average annual temperature and precipitation with
projections of Euro-Cordex models during 2000—-2019 pe-
riod on selected meteorological statiion [Porovnanie vyvo-
ja klimatickych parametrov RCP scenarov s ich realnymi
udajmi na vybranych meteorologickych staniciach]. In So-
bocka, J. (Ed.) Proceedings of the Soil Science and Conser-
vation Research Institute, Bratislava, 41, 7—21.

Barancikova, G., Tobiasova, E., Gomoryova, E., Makovnikova,
I., Halas, J., Koco, S., and Skalsky, R. (2019a). Influence
of soil type and land use on soil organic matter in climate
conditions of West Carpathian Mts. and Pannonian basin.
Silva Balcanica, 20, 63-70.

Benslama, A., Benbrahim, F., Navarro-Pedreno, J., Lucas
Gomez, 1., Jordan Vidal, M. M., and Belén Almendro-Can-
del, M. (2024). Organic carbon management and relations
with Climate Change. In Nunez-Delgado, A. (Ed.) Frontier
Studies in Soil Science, Springer International Publisher,
283p.

Berti, A., Morari, F., Dal Ferro, N., Simonetti,G., and Polese,
R. (2016). Organic input quality is more important than its
quality: C turnover coefficients in different cropping sys-
tems. European Journal of Soil Agronomy, 77, 138—145.
DOI:10.1016/j.€ja.2016.03.005.

Bielek, P. (2017). Soil Science for Environmental Managers.
[Pédoznalectvo pre enviromanazérov]. 1st ed. Nitra: SPU,
318p.

Bouchoms, S., Wang, Z., Vanacker, V., Doetterl, S., and Van
Oost, K. (2017). Modelling long-term soil organic carbon
dynamics under the impact of land cover change and soil
redistribution. Catena, 151, 63—73. DOI:10.1016/j.cate-
na.2016.12.008.

Budai, A.E., Rasse, D.P., Cottis, T., Joner, E.J., Martinsen, V.,
O’Toole, A., Riley, H., Rivedal, S., Sturite, 1., Sogaard, G.,
Weldon, S., and Opstad, S. (2024). Qualitative evaluation of
nine agricultural methods for increasing soil carbon storage
in Norway. European Journal of Soil Science, 75, ¢13493.
DOI:10.1111/ejss.13493.

Campbel, E.E. and Paustian, K. (2015). Current developments
in soil organic matter modeling and the expansion of model
applications:a review. Environmental Research Letters, 10,
123004. DOI:10.1088/1748-9326/10/12/123004.

Causarano, H.J., Franzluebbers, A.J., Reeves, D.W., and
Shaw, J.N. (2006). Soil organic carbon sequestration in
cotton production systems of the southeastern United Sta-
tes. Journal of Environmental Quality, 35(4), 1374—1383.
DOI:10.2134/jeq2005.0150.

Chevallier, T., Hamdi, S., Gallali, T., Brahim, N., Cardinel, R.,
Bounouara, Z., Cournac, L., Chenu, C., and Bernoux, M.
(2016). Soil carbon as and indicator of Mediterranean soil
quality. In Haité, H. and Yazami, D. (Eds.) The Mediter-
ranean Region under Climate Change: A scientific update.
Sub-chapter 3.5.3., Marseile, pp. 627—636.

de Brogniez, D., Ballabio, C., van Wesemael, B., Jones, R.J.A.,
Stevens, A., and Montanarella, L. (2014). Topsoil organic

118

carbon map of Europe. In Hartemink, A.E. and McSwee-
ney, K. (Eds.) Soil Carbon. Springer, pp. 393—405.

Dechow, R., Franko, U., Kitterer, T., and Kolbe, H. (2019).
Evaluation of the RothC model as a prognostic tool for
the prediction of SOC trends in response to management
practices on arable land. Geoderma, 337, 463—478. DO-
1:10.1016/j.geoderma.2018.10.001.

Directoriate-General for Environment (2023). Proposal for
a Directive on Soil Monitoring and resilience (Soil Moni-
toring Law). European Commission, Brussels. Available
at:  https://environment.ec.europa.eu/publications/propo-
sal-directive-soil-monitoring-and-resilience en.

Dmuchowski, W., Baczewska-Dabrowska, A.H. and Gworek,
B. (2024). The role of temperate agroforestry in mitigating
climate change: A review. Forest Policy and Economics,
159, 103136. DOI:10.1016/j.forpol.2023.103136.

Doetterl, S., Stevens, A., Six, J., Merckx, R., Van Oost, K.,
Pinto, M. C., Casanova-Katny, A., Munoz, K., and Boudin,
M. (2015). Soil carbon storage controlled by interactions
between geochemistry and climate. Nature Geoscience,
8(10), 780—783. DOI:10.1038/NGEO2516.

Dou, P., Eang, J., Cai, T., Miao, Z., Wang, X., Liang, J., Li, P,
Fan,J., Tang, S., Xiao, X., Guo, L., Huang, J., Gao, Q., Chen,
C., Liu, K., and Wang, K. (2025). Influence of initial orga-
ni carbon in grassland in the senzitivity of carbon changes
to climate after grassland-to-cropland converzion. Earth’s
Future, 13, €2024EF005249. DOI1:10.1029/2024EF005249.

Dou, F. and Hons, F.M. (2006). Tillage and nitrogen effects
on soil organic matter fractions in wheat-based systems.
Soil Science of Society American Journal, 70, 1896—1905.
DOI:10.2136/ss52j2005.0229.

Eckelmann, W., Baritz, R., Bialousz, S., Bielek, P., Carré, F.,
Houskova, B., Jones, R.J.A., Kibblewhite, M., Kozak, J.,
Le Bas, C., Toth, G., Toth, T., Varallyay, G., Halla, M.,
Y., and Zupan, M. (2006). Common Criteria for Risk Area
Identification according to Soil Threats. European Soil Bu-
reau Research Report No.20, EUR 22185 EN, 94 pp. Offi-
ce for Official Publications of the European Communities,
Luxembourg.

FAO and ITPS (2021). Recarbonizing Global Soils — A technical
manual of recommended sustainable soil management. Vol-
ume 4: Cropland, grassland, integrated systems and farm-
ing approaches — Case studies. Rome: FAO. DOI:10.4060/
cb6598en.

Fohrafellner, J., Keiblinger, K.M., Zechmeister-Boltern, S.,
Murugan, R., Spiegel, H., and Valkama, E. (2024). Cover
crops affect pool specific soil organic carbon in cropland
— A meta-analysis. European Journal of Soil Science, 75,
e13472. DOI:10.1111/ejss.13472.

Francaviglia, R., Di Bene, C., Farina, R., Salvati, L., and Vi-
cente-Vicente, J.L. (2019). Assessing “4 per 1000” soil
organic carbon storage rates under mediterranean climate:
A comprehensive data analysis. Mitigation and Adaptation
Strategies for Global Change, 24, 795—818. DOI:10.1007/
s11027-018-9832-x.

Funes, 1., Savé, R., Rovira, P., Molowny-Horas, R., Alcaniz,
J.M., Ascaso, E., Herms, I., Herrero, C., Boixadera, C.,
Boixadera, J., and Vayreda, J. (2019). Agricultural soil or-
ganic carbon stocks in the north-eastern Iberian Peninsula:
Drivers and spatial variability. Science of the Total Environ-
ment, 668, 283—-294. DOI:10.1016/j.scitotenv.2019.02.317.

Gray, J.M., Bishop, T.F.A. and Wilson, B.R. (2016). Factors
controlling soil organic carbon stocks with depth in eastern
Australia. Soil Science of Society American Journal, 79,
1741—-1751. DOI:10.2136/sss2j2015.06.0224.

Green Deal (2019). Avaiable at: https://www.minzp.sk/ezd/.



Agriculture (Polnohospodarstvo), 71, 2025 (3): 107 — 121

Guo, L.B. and Gifford, R.M. (2002). Soil carbon stocks and
land use change: a meta analysis, Global Change Biology,
8,345-360. DOI:10.1046/j.1354-1013.2002.00486.x.

Guistiniani, E., Kraemer, F. B. and Garibaldi, L.A. (2024). Crop
sequence intensification: Meta-analysis of soil organic car-
bon and aggregate stability in Argentina. European Journal
of Soil Science, 75, €13485. DOI:10.1111/ejss.13485.

Hamza, M. A. and Anderson, W.K. (2005). Soil compaction in
cropping systems — a review of the nature, causes and po-
ssible solutions. Soil Tillage Research, 82, 121—145. DO-
1:10.1016/j.stil1.2004.08.009.

Heller, O., Di Bene, C., Nino, P., Huyghebaert, B., Arlauskie-
né, A., Castanheira, N.L., Higgins, S., Horel, A., Kir, A.,
Kizekova, M., Lacoste, M., Munkholm, L.J., O’Sullivan,
L., Radzikowski, P., Rodrigues-Cruz, M.S., Sandén, T.,
Sarunaité, L., Seidel., F., Spiegel, H., Stalenga, J., Uu-
si-Kémppad, J., Vervuurt, W., Keller, T., and Vanwindekens,
F. (2024). Towards enhanced adoption of soil-omproving
management practices in Europe. European Journal of Soil
Science, 75(2), ¢13483. DOI:10.1111/ejss.13483.

Hobley, E., Wilson, B., Wilkie, A., Gray, J., and Koen, T. (2015).
Drivers of soil organic carbon storage and vertical distri-
bution in Eastern Australia. Plant and Soil, 390, 111-127.
DOI:10.1007/s11104-015-2380-1.

IUSS Working Group WRB. 2015. World Reference Base for
Soil Resources 2014, update 2015. International soil clas-
sification system for naming soils and creating legends for
soil maps. World Soil Resources Reports No. 106. FAO,
Rome, 192 p.

Jarecki, M.K. and Lal, R. (2003). Crop management for soil
carbon sequestration. Critical Reviews in Plant Sciences,
22(6), 471-502. DOI:10.1080/713608318.

Jiménez-Gonzales, M.A., Lopez-Romano, H., Carral,
P, Alvarez-Gonzéales, A.M., Herranz-Luque, J.E.,
Sastre-Rodriguez, B. E., Garcia-Diaz, A., Munoz-Organero,
G., and Marques, M.J. (2023). Ten-year impact of cover
crops on soil organic matter quantity in semi-arid vineyards.
Land, 12, 2143. DOI1:10.3390/land12122143.

Jobbagy, E.G. and Jackson, R.B. (2000). The vertical distri-
bution of soil organic carbon and its relation to climate
and vegetation. Ecological Applications, 10, 423—436.
DOI:10.1890/1051-0761(2000)010[0423.

Kobza, J., Barané¢ikova, G., Dodok, R., Makovnikova, J., Palka,
B., Styk, J., and Siran, M. (2024). Soil Monitoring of the
Slovak Republic. The results of Partial Monitoring System —
Soil for the period 2018—2022 [Monitoring pod Slovenske;j
republiky. Vysledky Ciastkového monitorovacieho systému
— Pdda za obdobie rokov 2018—2022], Bratislava, 253p.

Kobza, J., Hriviidkova, K., Makovnikova, J., Baran¢ikova, G.,
Bezak, P., Bezakova, Z., Dodok, R., Greco, V., Chlpik, J.,
Listjak, M., Malis, J., Pi§, V., Schlosserova, J., Slavik, O.,
Styk, J., and Siraf, M. (2011). Uniform Working Procedures
of Soil Analysis [Jednotné pracovné postupy rozborov pod].
Bratislava, pp. 51—117.

Kopittke, P.M., Berhe, A.A., Cavagnaro, T.R., Chen, D., Chen,
Q.-L., Dobarco, M.R., Dijkstra, F.A., Fielnd, J., Grundy,
M.J., He, J.Z., Hoyle, F.C., Kogel-Knabner, 1., Lam, S.K.,
Marschner, P., Martinez, C., McBratney, A.B., McDo-
nalnd-Madden, E., Menzies, N.W., Mosley, L. M., Muel-
ler, C.W., Murphy, D. V., Nielson, U.N., O'Donnell, A.G.,
Pendall, E., Pett-Ringe, J., Rumpel, C., Young, I. M., and
Minasny, B. (2022). Ensuring planetary survival: the cen-
trality of organic carbon in balancing the multifunctional
nature of soils. Critical Reviews in Environmental Science
and Technology, 52(3), 4308—432. DOI:10.1080/1064338.
2021.2024484.

Kovae, K., Nozdrovicky, L. and Macak, M. (2010). Minima-
lization and Soil Protection Technologies [Minimaliza¢né
a podoochranné technologie]. Nitra: Agroinsitut Nitra, 42 p.

Koven, C., Hugelius, G., Lawrence, D.M., and Wieder, W.
(2017). Higher climatological temperature sensitivity of
soil carbon in cold than warm climates. Nature Climate-
Change, 7, 817—822. DOI:10.1038/nclimate3421.

Kowalska, A., Grobelak, A., Almas, A.R., and Sing, B.R.
(2020). Effect of biowastes on soil remediation, plant pro-
ductivity and soil organic ncarbon sequestration: a review.
Energies, 13, 5813. DOI1:10.3390/en132158143.

Kuhnel, A., Garcia-Franco, N., Wiesmeier, M., Burmeister, J.,
Hobley, E., Kiese, R., Dannenmann, M., and Kogel-Knab-
ner, I. (2019). Controlling factors of carbon dynamics in-
grassland soils of Bavaria between 1989 and 2016. Agricul-
ture Ecosystems.and Environmen, 280(1), 118—128. DOI:
10.1016/j.agee.2019.04.036.

Lal, R. (2016). Soil health and carbon management. Food and
Energy Security. DOI:10.1002/fes3.96.

Launay, C., Constantin, J., Chlebowski, F., Houo, S., Graux,
A.L, Klumpp, K., Martin, R., Mary, B., Pellerin, S., and
Therond, O. (2021). Estimating the carbon storage potential
and greenhouse gas emissions of French arable cropland
using high-resolution modelling. Global Change Biology,
27(8), 1645—1661. DOI:10.1111/gcb.15512.

Lecciolle Paganini, E.A., Barroca Silva, R., Ribeiro Roden, L.,
Amaral Guerrini, I., Franco Capra, G., Grilli, E., and Gange,
A. (2024). A Systematic review and meta-analysis of the
sustainable impact of sewage sludge application on soil or-
ganic matter and nutrient content. Sustainability, 16, 9865.
DOI:10.3390/5u16229865.

Ledo, A., Smith, P., Zerihun, A., Whitaker, J., Vicente-Vicen-
te, J.L., Qin, Z., Mcnamara, N.P., Zinn, Y. L., Llorente, M.,
Liebig, M., Kuhnert, M., Dondini, M., Don, A., Diaz-Pines,
E., Datta, A., Bakka, H., Aguilera, E., and Hillier, J. (2020).
Changes in soil organic carbon under perennial crops.
Global Change Biology, 26, 4158—4168. DOI:10.1111/
gcb.15120.

Leifeld, J., Bassin, S. and Fuhrer, J. (2005). Carbon stocks in
Swiss agricultural soils predicted by land-use, soil charac-
teristics, and climate. Agriculture, Ecosystems and Environ-
ment, 105, 255-266. DOI:10.1016/j.agee.2004.03.006.

Lesaint, L., Viaud, V. and Menasseri-Aubry, S. (2023). Influen-
ce of soil properties and land use on organic carbon storage
in agricultural soils near hedges. Soil Use and Management,
39,1140-1154. DOI:10.1111/sum.12928.

Liang, S., Sun, N., Meersmans, J., Longdoz, B., Colinet, G.,
Xu, M., and Wu, L.(2024). Impacts of climate change on
crop production and soil carbon stock in a continuous wheat
cropping system in southeast England. Agriculture, Eco-
systems and Environment, 365, 108909. DOI:10.1016/].
agee.2024.108909.

Lin, Z., Lu, X., Xu, Y., Sun, W., Yu, Y., Zhang, W., Mishra,
U., Kuzyakov, Y., Wang, G., and Qin, Z. (2024). Increa-
sed straw return promoted soil organic carbon accumula-
tion in China’s cropland over the past 40 years. Science of
the Total Environment, 945, 173903. DOI:10.1016/j.scito-
tenv.2024.173903.

Machado, S., Rhinhart, K. and Petrie, S. (2006). Long-term
system effects on carbon sequestration in Eastern Ore-
gon. Journal of Environmental Quality, 35, 1548—1553.
DOI:10.2134/jeq2005.0201.

Maillard, E. and Angers, D. (2014). Animal manure applica-
tion and soil organic carbon stocks: a meta-analysis. Global
Change Biology, 20(2), 666—679. DOI:10.1111/gcb.12438.

Mavsar, S., Gréman, H., Turniski, R., and Miheli¢, R. (2025).
Organic carbon sequestration potential of Slovenian agri-

119



Agriculture (Polnohospodarstvo), 71, 2025 (3): 107 — 121

cultural soil and the impact of management practices on
SOC stock. Cogen Food and Agriculture, 11(1), 2437574.
DOI:10.1080/23311932.2024.2437574.

Mayes, M., Marin-Spiotta, E., Szymanski, L., Akif, E., Ozdo-
gan, M., and Clayton, M. (2014). Soil type mediates effects
of land use on soil carbon and nitrogen in the Konya Basin,
Turkey. Geoderma, 232, 232—-234. DOI:10.1016/j.geoder-
ma.2014.06.002.

Meersman, J., Arrouays, D., Van Rompaey, A.J.J., Page, C., De
Baets, S., and Quine, T., (2016). Future C loss in mid-lati-
tude mineral soils: climate change exceeds land use mitiga-
tion potential in France. Scientific Reports, 6, article num-
ber: 35798. DOI:10.1038/srep35798.

Moinet, G. Y. K., Hijbeek, R., van Vuuren, D. P., and Giller, K. E.
(2023). Carbon for soils, not soils for carbon. Global Chan-
ge Biology, 29(9), 2384-2398. DOI:10.1111/gcb.16570.

Ottoy, S., Truyers, E., De Bloclk, M., Lettens, S., Swinnen, W.,
Broothaerts, N., Hendrix, R.,Van Orshoven, J., Verstraeten,
G., De Vos, B., and Vancampenhout, K. (2022). Digital
mapping of soil organic carbon hotspots in nature conser-
vation areas in the region of Flanders, Belgium. Geoderma,
30, €00531. DOI:10.1016/j.geodrs.2022.00531.

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesema-
el, B., Schumacher, J., and Gensior, A. (2011). Temporal
dynamics of soil organic carbon after land-use change in
the temperate zone — carbon response functions as a model
approach. Global Change Biology, 17, 2415-2427. DOI:
10.1111/j.1365-2486.2011.02408.x.

Poeplau, C. and Don, A. (2013). Sensitivity of soil organic car-
bon stock and fractions to different land-use changes across
Europe. Geoderma, 132, 189-201. DOI:10.1016/j.geoder-
ma.2012.08.003.

Poeplau, C. and Don, A. (2015). Carbon sequestration in agri-
cultural soils via cultivation of cover crops- A meta-analy-
sis. Agriculture, Ecosystems and Environment, 200, 33—41.
DOI:10.1016/j.agee.2014.10.024.

Razzaghi, S. (2022). Can soil organic matter be the robust in-
dicator of soil health ability and soil quality? In Nelliturk,
K., Baran, M.F. and Celik, A. (Eds.) Agriculttural & Envi-
ronmental Reports for Sustainable Future, Iksad publishing
house, pp. 244-308. ISBN:978-625-8246-18-6.

Sainju, U.M., Lessen, A.W., Caesar, TonThat, T., Jabro, J.D.,
Lartey, R.T., Evans, R.G., and Allen, B.L. (2012). Tilla-
ge, crop rotation, and cultural practice effects on dryland
soil carbon fractions. Open Journal of Soil Science, 2(3),
242-255.DOI:10.4236/0jss.2012.23029.

Seidel, F., Spiegel, H., Budai, A, Hardy, Sierra, C., Buckley,
C., Plaza, C., Piccini, C., Di Bene, C., Mondini, C., Ras-
se, D., Seitz, D., Diaz-Pines, E., Herzog, E., Levavasseur,
F, Schneider, F., Bellocchi, G., Ruysschaert, G., Criscuo-
li, I., Lesschen, J.P., Leifeld, J., Holland, J., Alvaro-Fuen-
tes, J., Keiblinger, K., Klumpp, K., Elsgaard, L., Cecillon,
L., Martin, M., Diacono, M., Suhadolc, M., Bolinder, M.,
Ogunpaimo, O., Farina, R., Vanino, S., Weldon, S., Kitte-
rer, T., Viaud, V., and Don, A. (2025). Final Report of the
CarboSeq Project. EJP-SOIL: European Joint Programme,
84p. DOI:10.5281/zenodo.14631501.

Seitz, D., Dechow, R., Emde, D., Schneider, F., and Don, A.
(2025). Improved broad-scale modelling of soil organic car-
bon dynamics following land-use changes. European Jour-
nal of Soil Science, 76, €70159. DOI:10.1111/ejss.70159.

Seitz, D., Fischer, L. M., Dechow, R., Wiesmeier, M., and Don,
A. (2023). The potential of cover crops to increase soil
carbon storage in German croplands. Plant and Soil, 488,
157-173. DOI:10.1007/s11104-022-05438-w.

Schils, R., Kuikman, P., Liski, J., Oijen, M., Smitt, P., Webb,
J., Alm, J., Somogyi, Z., van den Akker, J., Billett, M.,

120

Emmett, B., Evans, C., Lindner, M., Palosuo, T., Bellamy,
P, Jandl, R., and Hiederer, R. (2008). Review of existing
information on the interrelations between soil and climate
change. Final Report Clim Soil, Wageningen: Alterra.

Schulp, C.J.E. and Verburg, P.H. (2009). Effect of land use
history and site factors on spatial variation of soil organic
carbon across a physiographic region. Agriculture, Eco-
systems and Environment, 133, 86—97. DOI:10.1016/].
agee.2009.05.005.

Slepetiene, A., Kadziene, G., Suproniene, S., Skersiene, A., and
Auskalniece, O. (2024). The content and stratification of
SOC and its humified fractions using different soil tillage
and inter-cropping. Sustainability, 16, 953. DOI:10.3390/
sul6030953.

Skalsky, R., Barancikova, G., Makovnikova, J., Koco, S.,
Halas, J., and Kobza, J. (2024). Regional topsoil organic
carbon content in the agricultural soils of Slovakia and its
drivers, as revealed by the most recent national soil moni-
toring data. Environmental Challenges, 14, 100816. DO-
1:10.1016/j.envc.2023.100816.

Soussana, J.-F., Loiseau, P., Vuichard, N., Ceschia, E., Ba-
lesdent, J., Chevallier, T., and Arrouays, D. (2006). Car-
bon cycling and sequestration opportunities in temperate
grasslands. Soil Use and Management, 20, 219—-230. DO-
1:10.1111/5.1475-2743.2004.tb00362..x.

Stetson, S.J., Osborne, S.L., Schumacher, T.E., Eynard, A.,
Chilom, G., Rice, J., Nichols, K.A., Pikul, J.L. (2012).
Corn residue removal impact on topsoil organic carbon in
a corn—soybean rotation. Soil Science Society of America
Journal, 76(4),1399—-1406. DOI:10.2136/sss2j2011.0420.

Srivasta, P., Singh, R., Triparhi, S., Singh, H., and Singh Raghu-
bansahi, A. (2016). Soil carbon dynamic and climate chan-
ge: current agro-environmental perspectives and future di-
mensions. Energy, Ecology and Environemnt, 1, 315-322.
DOI:10.1007/s40974-016-0024-9.

Simon, T., Madaras, M., Mayerova, M., and Kunzova, E.
(2024). Soil organic carbon dynamics in the long-term field
experiments with contrasting crop rotations. Agriculture,
14, 818. DOI:10.3390/agriculture14060818.

Tayebi, M., Tadeu Fim Rosas, J., de Sousa Mendes ,W., Poppiel,
R.R., Ostovari, Y., Chimelo Ruiz, L.F., Valadares dos San-
tos, N., Pellegrino Cerri, C.E., Godinho Silva, S.H., Curi,
N., Quifionez Silvero, N.E., and Dematté, J.A.M. (2021).
Drivers of organic carbon stocks in different LULC history
and along soil depth for a 30 years image time series. Remo-
te Sensing, 13, 2223. DOI:10.3390/rs13112223.

Tiefenbacher, A., Sandén, T. Halsmayr, H.-P., Miloczki, J.,
Wenzel, W., and Spiegel, H. (2021). Optimizing Carbon Se-
questration in Croplands. A Synthesis. Agronomy, 11, 882.
DOI:10.3390/agronomy11050882.

Tiemann, L.K., Grandy, A.S., Atkinson, E.E., Marin-Spiotta,
E., and McDaniel, M.D. (2015). Crop rotational diversity
enhances belowground communities and functions in anag-
roecosystem. Ecology Letters, 18, 761-771. DOI:10.1111/
ele.12453.

Valkama, E., Kunypiyaeva, G., Zhapayev, R., Karabayev, M.,
Zhusupbekov, E., Perego, A., Schillaci, C., Sacco, D., Mo-
retti, B., Grignani, C., and Acutis, M. (2020). Can conser-
vation agriculture increase soil carbon sequestration? A mo-
delling approach. Geoderma, 369, article number 114298.
DOI:10.1016/j.geoderma.2020.114298.

van Wesemael, B., Paustian, K., Meersmans, J., Goidts, E.,
Barancikova, G., and Easter, M. (2010). Agricultural ma-
nagement explains historic changes in regional soil car-
bon stocks. PNAS, 107, 14926-14930. DOI:10.1073/
pnas.1002592107.

Wang, Q., Liu, X., Li, J., Yabg, X., and Guo, Z. (2021).



Agriculture (Polnohospodarstvo), 71, 2025 (3): 107 — 121

Straw application and soil organic carbon change: A me-
ta-analysis. Soil and Water Research, 16(2), 112—120.
DOI:10.17221/155/2020-SWR.

Wang, J., Lu, S., Xu, M., Zhu, P., Huang, S., Zhang, W., Peng,
C., Chen, X., and Wu, L. (2013). Soil organic carbon se-
questration under different fertilizer regimes in north and
northeast China: RothC simulation, Soil Use Management,
29, 182—190. DOI:10.1111/sum.12032.

Ward, S.E ., Smart, S.M ., Quirk, H., Tallowin, J.R .B ., Mor-
timer, S.R., Shiel, R.S., Wilby, A., and Bardgett, R.D.
(2016). Legacy effects of grassland management on soil car-
bon to depth. Global Change Biology, 22(8), 2929-2938.
DOI:10.1111/gcb.13246.

Webb, J., Bellamy, P., Loveland, P.J., and Goodlass, G. (2003).
Crop residue returns and equilibrium soil organic carbon in
England and Wales. Soil Science Society American Journal,
67, 928-936. DOI:10.2136/ss52j2003.9280.

Wei, X., Shao, M., Gale, W., and Li, I. 2014. Global patterns
of soil carbon losses due to the conversion of forest to ag-
ricultural land. Scientific Reports., 4, 4062. DOI:10.1038/
srep04062.

Wiesmeier, M., Barthold, F., Sporlein, P., Heuss, U., Hangen,
E., Reischl, A., Schilling, B., Angst, G., von Lutzow, M.,
and Kogel-Knabner, G. (2014). Estimation of total organic
carbon storage and its driving factors in soils of Bavaria
(southeast Germany). Geoderma Regional, 1, 67—78. DO-
1:10.1016/j.geodrs.2014.09.001.

Wiesmeier, M., Hubner, R., Barthold, F., Sporlein, P., Geuss,
U., Hangen, E., Reischl, A., Schilling, B., von Lutzow, M.,
and Kogel-Knabner, 1. (2013). Amount, distribution and
drivin factors of soil organic carbon and nitrogen in cro-
pland and grassland soils of southeast Germany (Bavaria).
Agriculture, Ecosystems and Environment, 176, 39—52.
DOI:10.1016/j.agee.2013.05.012.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lutzow,
M., Marin-Spiotta, E., van Wesemael, B., Rabot, E., Lies,
M., Garcia-Franco, N., Wollschlanger, U.,Vogel, H.J., and
Kogel-Knabner, 1. (2019). Soil organic carbon storage as
akey function of soils — A review of drivers and indicators at
various scales. Geoderma, 333, 149—162. DOI1:10.1016/j.
geoderma.2018.07.026.

Whitehead, D., Schipper, L.A., Pronger, J., Moinet, G.Y.K.,
Mudge, P.L., Calvelo Pereira, R., Kirschbaum, M.U.F.,
McNally, S.R., Beare, M. H., and Camps-Arbestain, M. C.
(2018). Management practices to reduce losses or increase
soil carbon stocks in temperate grazed grasslands: New
Zealand as a case study. Agriculture, Ecosystems and Envi-
ronment, 265, 432—443. DOI:10.1016/j.agee.2018.06.022.

Waust-Galey, C., Keel, C.G. and Leifeld, J. (2019). A model ba-
sed carbon inventory for National greehouse gas reporting
of mineral agricultural soils. Agroscope Science, 105, 110p.
www.agroscope.ch.

Wyngaard, N., Crespo, C., Angelini, H., Eyherabide, M.,
Larrea, G., Reussi, C.N., Carciochi, W., and Sainz R.H.
(2022). The effect of agriculture on topsoil carbon stocks
is controlled by land use, climate, and soil properies in the
Argentinean Pampas. Catena, 212, 106126. DOI:10.1016/j.
catena.2022.106126.

Yigini, Y., Montanarella, L. and Panagos, P. (2017). European
Conribution towards a global assessment of agricultural
soil organic carbon stock. Advances in Agronomy, 142,
385—-402. DOI:10.1016/bs.agron.2016.10.012.

Received: September 9, 2025
Accepted: November 12, 2025

121



