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Abstract: The labile fractions of organic carbon (OC), which are a reflection of the properties of soil and its use, appear
to be suitable parameters for their use as indicators. The aim of this study was to determine the reliable and relatively
simple indicators for detecting the chemical and physical stabilizations of OC, which would respond sensitively to land
use. The study includes forest ecosystem (FE) and agroecosystem (AE) with different tillage intensities (reduced tillage,
RT and conventional tillage, CT) on real farms. Parameters of the labile C and N were tested. For a depth of < 0.1 m
in the FE, the hot water extractable organic carbon (HWEOC) for chemical stabilization and labile nitrogen (N) for
physical stabilization appear as the most suitable indicators. Higher values of HWEOC indicate the OC stabilization
by decreasing decomposition, pH or by increasing carbonates, recalcitrant fractions, and higher values of Ni by OC
incorporation into the silt fraction and larger macro-aggregates. In the AE with RT, these are the HWEOC for chemi-
cal stabilization and carbon pool index (CPI) or index of carbon lability (LI¢c) for physical stabilization. Higher values
of CPI and LI indicate the stabilization by the formation of size-optimal dry-sieved (DSA; 1-3 mm) and wet-sieved
(WSA; 1-2 mm) soil aggregates. In the AE with CT, it was the Ny. Its higher values point to the stabilization through
the carbonates, alkaline cations, size-fraction of > 0.01 mm and the formation of DSA (1-3 mm). For a depth of < 0.3 m
in the AE, these are the Cy, (for RT), higher value of which points to the stabilization by clay and alkaline cations, and
HWEOC (for CT), higher value of which indicates the stabilization in the conditions of the soil acidification.

Keywords: agroecosystem; forest; indicators; labile carbon; stabilization; tillage

Assessment of soil organic carbon (SOC) stabiliza-  as the dominance of factors depends on the ecosys-
tion mechanisms is key to understanding the carbon  tem itself (Qu et al. 2019). Organic carbon in the soil
dynamics in the terrestrial ecosystems (Luo et al. 2024),  can be stabilized chemically or biochemically by the
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formation of recalcitrant compounds (Song et al.
2013; Kilpeldinen et al. 2023), physically through the
physical isolation in the soil aggregates (Cui et al.
2014; Zhong et al. 2017; Ji et al. 2024), or physico-
chemically through the sorption (Cui et al. 2014).

Labile fractions of the SOC are subject to stabi-
lization. They are closely related to soil properties
(Fu et al. 2023) and respond to changes in the soil
parameters in a short time period, therefore they
are sensitive indicators (Geraei et al. 2016; Duval
etal. 2018; Chen et al. 2024b). The labile permanga-
nate oxidizable carbon (Cy) (Bongiorno et al. 2019;
Pulleman et al. 2021; Begum et al. 2022) and water
extractable organic carbon (WEOC) (Zhao et al.
2008; Li et al. 2020) are the most using of the labile
fractions in relation to soil quality and stability of or-
ganic substances. The determination of these labile
fractions is simple, fast and inexpensive (Wang et al.
2017), which is consistent with the set requirements
on the indicator (Dale & Beyeler 2001). The labile
fractions of SOC show seasonal dynamics and are
sensitive to environmental factors (Wang et al. 2022),
including a land management system (Geraei et al.
2016; Liu et al. 2017).

The Cy, is one of the labile fractions of organic car-
bon, which is often used as an indicator of changes
in the soils of various ecosystems, at a various land
use or soil management practice (Begum et al. 2022;
Oliveira et al. 2022). Bongiorno et al. (2019) describe
its high correlations with the chemical, physical,
or biological parameters, and point to its use as a com-
prehensive soil quality indicator. Malou et al. (2023)
consider the Cy, to be an important indicator of SOC
stability. The WEOC is often described as the most
active labile fraction of organic carbon (Bu et al.
2011) and is used as an indicator of the soil quality,
both in the agricultural soil, mainly in connection
with the production ability (Banké et al. 2021) and
in the forest soil, mainly in a connection with natural
disturbances (Wang et al. 2020). Together with labile
nitrogen, there is a range of other parameters that
respond sensitively to changes in the soil organic mat-
ter (SOM). Labile potentially mineralizable nitrogen
(NL) responds sensitively to tillage (Martinez et al.
2017), fertilization, and plays an important role in soil
fertility (Hou et al. 2023). Thus, the labile fractions
of SOM are considered to be the sensitive indicators
in the management farming system in a short-time
period (Sequeira et al. 2011). The carbon pool index
(CPI) is valuable in the assessment of organic carbon
turnover in the agroecosystem (Hu et al. 2023), and

together with the carbon management index (CMI),
also in the assessment of anthropogenic activities
in a various land-use type (Huang et al. 2023). CPI
is a quantitative parameter, which points to carbon
sources in the ecosystem. CMI index is a combination
of the quantity (CPI) and quality (LIc) and determines
the changes in soil organic carbon of agricultural
and natural soils (Blair et al. 1995).

The aim of this study was to determine the reli-
able and relatively simple indicators, taking into
account the chemical and physical stabilizations
of organic matter, which would respond sensitively
to interventions into the soil, especially to land use,
soil tillage in the agroecosystem, especially in rela-
tion to a soil depth in this ecosystem, including the
definition of the sensitive specific indicators and
generally usable ones.

We hypothesized that the labile fractions of or-
ganic carbon are suitable for a determination of the
changes in the organic carbon stability in a short
time period. However, their suitability is strongly
influenced by stabilization mechanisms in the eco-
system or by land use. Further, we hypothesise that
the parameters of labile carbon are closely related
to the soil properties, which reflect the land use and
soil tillage; however, the depth of soil assessment
is one of the most important factors that influence
these properties.

MATERIAL AND METHODS

Characterization of the localities and variants in-
cluded in the study. The studied areas were located
in the lowland and hilly parts of western and eastern
Slovakia. Neogene marine sediments are found in the
geological subsoil of Slovak lowlands (Table 1).

Each area included the forest ecosystem and agro-
ecosystem. The forest ecosystem represents control,
as it is the broadleaf and mixed forests that are con-
sidered to be an original ecosystem in the temperate
zone. Fernandes et al. (2022) also consider forest land
as a suitable conservation reference for soil aggre-
gation. The study included forests with a minimum
lifespan of 200 years, with the original composition
of trees, which means trees typical for the given soil
type or locality. The agroecosystem included two
tillage systems, each with three crop rotations. The
arable land of the agroecosystem represented the real
production conditions with two tillage systems, each
with three repetitions in the form of various crop
rotations. Reduced tillage (RT) as a non-inversion
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system included disking to a depth of 0.10-0.12 m
(shallow tillage) and conventional tillage (CT) as an
inversion system included moldboard deep ploughing
to a depth 0f 0.25-0.30 m (deep tillage). The average
values of the basic parameters of the included soils
are summarized in Table 2.

Soil samples were taken separately at two depths
(0.0-0.1 and 0.0— 0.3 m) at each sampling point. This
means 378 sampling sites (7 soil types x 3 localities x
3 land use x 3 repetitions x 2 depths).

Soil samples and analytical methods used. The soil
samples were dried at a room temperature 25 + 2 °C.
For the determination of the physical properties, the
samples were used in their non-disrupted state, and
for the determination of the chemical properties, they
were sieved (2 and 0.25 mm). To a determination
of the fractions of soil aggregates, the soil samples
were divided by sieves (Sarkar & Haldar 2005). The
fractions of dry-sieved macro-aggregates (DSA) were
as followed: > 7; 5-7; 3-5; 1-3; 0.5-1; 0.25—-0.5 mm
and wet-sieved (WSA): > 5; 3-5; 2-3; 1-2; 0.5-1;
0.25-0.5 mm. The particle size distribution was
determined after dissolution of CaCOj3 with 2 mol

Table 1. Characterization of the localities
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HCl/dm? and oxidation of the organic matter with
30% H3O,. After repeated washing, samples were dis-
persed using Na(POs3)g. Silt, sand, and clay fractions
were determined according to the pipette method
(van Reeuwijk 2002). The total organic carbon (TOC)
(Skjemstad & Baldock 2007) and labile permanga-
nate oxidizable carbon (Cp) (Loginov et al. 1987)
were determined by wet combustion by K,Cr,O7 and
KMnO, oxidations. Both were used for the calcula-
tion of the next parameters: lability of carbon (L¢);
index of carbon lability (LI¢); carbon pool index
(CPI); carbon management index (CMI); according
to Blair et al. (1995) as followed:

Cni (non-labile carbon) = TOC - Cp,
Lc = Ci/Ca

Llc = L¢ in variant/Lc in control

CPI = TOC in variant/TOC in control

CMI = LI¢ x CPI x 100

Geographical location

Danubian Lowland Trnava Hills

Zitava Hills

Eastern Slovak Lowland

Substrate*

carbonate loess; along some tectonic

Carbonate gravels, sands, clays

faults, Neogene marine sediments

non-carbonate clay sediments

have reached the surface

Soil type***
Mollic Fluvisol =~ Eutric Regosol Haplic Chernozem Haplic Luvisol Eutric Gleysol Stagnic Planosol Eutric Fluvisol
Locality
(s - ‘ . Trebisov
Nové Zamky & Piestany Vrable Michalovce Sobrance .
s Sala o . . oo AR (Milhostov,
(Nové Zamky,  « . . (Piestany, (Vréble, Nova (Hazin, (Blatné Revistia, o ,
. (Sala, Mocenok, . <. . P Krélovsky Chl-
Komoca, i, Trebatice, Ves n./Zitavou,  Petrikovce,  Blatna Polianka,
Surany) Hornd Kralovd) Krakovany) Horny Ohaj) Lucky) Bezovce) mec, Streda n./
’ Bodrogom)

Climatic region**

Warm

Average annual temperatures (°C)**
9.4-10.4

Average rainfall per year (mm)**
566-611

Altitude (m a.s.l.)

110-229

moderately warm

9-9.1

564—-593

98-850**

*Bedrna and Jenco (2016); **Korec et al. (1997); ***WRB (2015)
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Table 2. The average values of basic parameters of the monitored soils (< 0.1 m)

Soil type TOC CL Wi HWEOC NL pHra C((}/Zl)y
Forest ecosystem

EF 24.32 + 3.27 2.36 £ 0.21 1.33 £ 0.29 0.15 + 0.02 6.87 £ 0.17 23.59 + 0.24
MF 43.24 £ 1.95 3.33 £ 1.64 1.53 £ 0.39 0.13 + 0.04 6.75 +0.83 29.83 + 2.47
HC 23.95+1.25 229 +1.18 1.69 + 0.34 0.12 + 0,04 6.31 +1.03 20.70 £ 0.71
HL 26.77 + 2.47 4.89 +1.12 1.96 + 0.16 0.15+0.01 543 £0.26 22.09 £ 0.56
ER 22.46 + 1.59 4.32 + 1.54 1.89 £ 0.33 0.17 £ 0.03 5.60 £0.18 16.39 £ 0.30
EG 42.18 £ 4.15 542 +1.77 1.78 £ 0.13 0.16 £ 0.01 5.65 £ 0.30 37.70 £ 1.28
SP 26.63 + 1.07 3.04 = 1.46 1.41 £ 0.26 0.13 £ 0.03 5.06 £ 0.41 24.03 £ 0.81
Agroecosystem — reduced tillage

EF 23.20 £ 2.56 2.06 £ 0.28 1.19 + 0.09 0.16 = 0.03 6.89 + 0.24 23.39 £ 1.45
MF 26.96 + 2.24 245 +0.37 1.40 £ 0.15 0.12 + 0.03 6.80 = 0.05 29.88 +2.41
HC 21.47 +1.79 2.26 £ 0.51 1.27 £ 0.20 0.11 + 0.03 6.68 +0.48 21.57 £ 2.06
HL 17.59 £ 2.47 1.76 £ 0.62 1.17 £ 0.13 0.13 £0.03 6.15 +0.38 20.69 + 2.50
ER 11.93 + 1.60 1.88 £ 0.65 1.16 + 0.18 0.14 £ 0.02 597 £0.16 15.05 £ 0.57
EG 23.40 +2.17 2.01 £ 0.24 1.24 £ 0.16 0.12 £ 0.01 5.58 £ 0.54 35.78 £ 1.86
SP 14.43 + 2.24 1.27 £ 0.16 0.96 + 0.08 0.10 £ 0.02 5.05 £ 0.59 22.75 + 2.67
Agroecosystem — conventional tillage

EF 19.45 £ 1.89 1.48 = 0.30 1.02 £ 0.10 0.12 £ 0.03 6.60 £ 0.57 25.18 + 4.05
MF 38.01 +2.35 3.50 £ 1.17 1.42 = 0.32 0.15 £ 0.04 6.87 £0.37 34.74 + 2.25
HC 14.70 £ 1.38 1.67 £0.13 1.18 + 0.06 0.11 + 0.02 6.34 + 0.11 25.63 £ 1.17
HL 16.15 £ 1.02 1.57 £ 0.19 1.13+0.13 0.11 £ 0.02 6.39 £ 0.42 21.22 £ 1.53
ER 12.07 £ 1.48 1.90 £ 0.42 1.10 £ 0.13 0.11 £ 0.02 5.96 £0.18 16.13 £ 1.07
EG 21.17 £ 2.73 2.69 + 1.14 1.14 + 0.22 0.10 £ 0.02 5.75£0.59 31.15 £ 2.20
SP 19.10 £ 2.74 1.86 + 0.46 0.85 £ 0.30 0.11 £ 0.01 5.49 £ 0.44 25.35 £ 1.57

EF — Eutric Fluvisol; MF — Mollic Fluvisol; HC — Haplic Chernozem; HL — Haplic Luvisol; ER — Eutric Regosol; EG — Eutric
Gleysol; SP — Stagnic Planosol; TOC — total organic carbon; Cy, — labile carbon oxidizable with KMnO4 HWEOC — hot water

extractable organic carbon; Ny, — labile nitrogen

Cold (CWEOC) and hot (HWEOC) water extract-
able organic carbons were determined by distilled
water extraction (20 °C and 80 °C) according to the
method Ghani et al. (2003) with the final determina-
tion of organic carbon by wet combustion (Skjemstad
& Baldock 2007). Potentially mineralizable soil ni-
trogen (Ni) was determined by acid KMnOy extrac-
tion method (Standford & Smith 1978). Soil pH was
potentiometrically measured (van Reeuwijk 2002)
in a supernatant suspension of a 1/2.5 soil/liquid
mixture. The liquid is 1 mol/dm? KCI (pH/KCI).
Electrical conductivity was measured in aqueous
suspension in a soil/water ratio of 1/2.5 (Rhoades
1982). Carbonates were determined by volumetric
method (using a simple calcimeter), based on the
CO, evolving after reaction with HCI (diluted with

water in a 1/3 ratio) (Sarkar & Haldar 2005). The
hydrolytic acidity (H,) in calcium acetate at pH 8.2
and sum of exchangeable cations (S) with 0.1 mol/dm?
of hydrochloric acid were determined according
to Kappen’s method (Jaremko & Kalembasa 2014),
and then the total sorption capacity (T) and base
saturation (V) were calculated as followed:

T=S+Ha; V=S/Tx 100

Statistical analysis used in the study. The obtained
data were analysed using Statgraphic Plus 5.1 and
Centurion 17 statistical software. Firstly, the nor-
mality and homogeneity of variances were tested,
and then analysis of variance was applied. ANOVA
model was used for individual treatment comparisons
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at P < 0.05, with separation based on Fisher’s least
significant difference (LSD) procedure (three files
with n = 378, 186, and 126) applied to test for differ-
ences between the depths (0.0-0.1 m and 0.0-0.3 m)
for TOC, C,, CWEOC, HWEOC. The results are
presented in the boxplots as mean, 2Q box, 3Q box,
error bars. Correlation analysis was used to determine
the relationships between the parameters of organic
carbon or nitrogen and chemical or physical prop-
erties of the soils. Significant Pearson correlation
coefficients were tested at P < 0.05, P < 0.01, and
P < 0.001.

RESULTS AND DISCUSSION

General indicators concerning to chemical prop-
erties of the soil. Studied labile fractions of organic
carbon and nitrogen and their parameters appear
to be important indicators not only of the SOM
stability, but also of several soil properties. Accord-
ing to Bongiorno et al. (2019) and Ramirez et al.
(2020), they are also a reflection of human activity.
Our results point to an increase in the proportions
of labile forms of organic carbon at a lower pH and
at a higher H,, while the correlations with H, were
much stronger (Figure 1). The main reason for this
decrease in soil pH is CO, that is released from the
decomposing organic sources (Xiao et al. 2018).
On the other hand, the activity of soil organisms
decreases with the decrease in pH (Qiu et al. 2023a).
Our values point to an accumulation of labile forms
after decreasing microbial activity at a lower soil pH.
Liang et al. (2024) pointed to limiting values of soil
pH below 3.5 and above 7.5, when in combination
with clay content significant changes occur both
in the microbial activities and sorption. The evidence
of which, the correlations of the C;, Lc, CWEOC
and HWEOC with pH/KCI and H, are (Figure 1).
In relation to microbial activity the active soil pH
is mainly presented. A higher amount of WEOC was
at a higher soil acidity, as well. Kupka and Gruba
(2022) also presented that the sorption of dissolved
organic carbon increases with an increase in soil acid-
ity or with a decrease in active pH. HWEOC, as the
most sensitive parameter of the changes in SOC,
was presented also by Li et al. (2020). Overall, the
pH significantly influences the dynamics of organic
carbon in the soil, which is confirmed by the results
of active pH (Hao & Dong 2023). Thus, higher con-
tents of the labile forms of carbon can be the result
of accumulated labile inputs of carbon.
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General indicators concerning to physical proper-
ties of the soil. The L¢ values were also significantly
influenced by the fractions of the clay (r = —0.349,
P <0.05) and silt (r = 0.441, P < 0.01). Clay contributes
not only to the stabilization of organic substances
in the soil (Arthur et al. 2023), but a significant
amount of the organic carbon is also a part of the silt
and clay fractions (Zhao et al. 2006; Chen et al. 2024a).
On the contrary, in the case of soil aggregates, the L¢
was the alone monitored parameter that did not show
any correlations neither with the DSA nor with WSA.
Differences in the carbon lability were not observed
due to its different lability in the various fractions
of aggregates, in which it is incorporated (Yu et al.
2022). The Ny, is a parameter that was importantly
manifested in relation to soil aggregates, but it did
not manifest in relation to the chemical properties
or soil texture. Fungi are more important in aggre-
gate formation than bacteria (Husain et al. 2024),
but they are also an important mediator of nitrogen,
through which they support OC decomposition (Bai
et al. 2024). N was in a narrow dependence with the
size-optimal fractions of the DSA (1-5 mm), but not
with the WSA (0.5-2 mm), and simultaneously, the
opposite correlation of C /Ny ratio was recorded
(Figure 2). In the case of DSA, the nitrogen is a part
of fresh inputs, but in the case of WSA, the Cr /N
ratio decreases in the stabilization process of organic
substances. Nitrogen even could have a destabilizing

-06 -04 -02 0 02 04 06 08
C * wkk
CWEOC ns o
HWEOC *
ek
CiL/NL *
fkk
Lc "%
o

m pHxa Ha

Figure 1. Correlations between the parameters of carbon
and nitrogen and the pHkci and hydrolytic acidity (H,);
general for both ecosystems

C1. — labile carbon oxidizable with KMnO4; CWEOC - cold
water extractable organic carbon; HWEOC — hot water ex-
tractable organic carbon; C1/Ny, — ratio of labile carbon and
labile nitrogen; L¢ — lability of carbon; *,**,***P < 0.05, 0.01
and 0.001; ns — not significant
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effect on them (Xiao et al. 2021; Zhao et al. 2024).
The above points to the fact that the sensitivity
of the mentioned parameters depends also on the
chemical and physical stabilization mechanisms
of organic carbon itself. In relation to nitrogen it is
also an important the size of fresh residues, because
it influences the diversity of microbial community
on them (Ji et al. 2024), which is in a close relation
to labile nitrogen, which is bound in these cells.
The presence of fresh organic components in the
DSA is also indicated by a positive correlation of Ny,
with DSA, while a negative correlation with WSA
indicates already its decomposition or stabilization.
The proportion of fresh inputs decreases with a de-
crease in the aggregate size, which is also confirmed
by a positive correlation of organic nitrogen content
with the aggregate size (Liu et al. 2023b). However, the
most agronomically valuable WSA were in negative
correlations with the labile fractions of organic car-
bon (C, CWEOC, HWEOC), including C/Ny ratio,
indicating that higher amounts of these aggregates
are at less proportions of labile sources. Moreover,
the increased inputs of labile carbon offset the nega-
tive effects of applied nitrogen on the soil aggregates
(Zhao et al. 2024). Conversely, the same organic
carbon fractions, including the C. /Ny ratio, were
in positive correlations with the largest WSA fraction,
indicating the importance of physical stabilization
of the labile forms of organic matter. In our climate
zone, the formation of soil aggregates is dominated
by the ,bottom-up “model (Jiang et al. 2023); at first,
the small aggregates are formed, and then the larger
ones from them are built. Simultaneously, it is true
that the free micro-aggregates are the fragments
of disintegrated macro-aggregates (Artemyeva et al.
2022). According to these theories, the disintegration
of larger aggregates leads to releasing of labile organic
substances, which subjects to decomposition, that
means that lower values of C; /N, ratio and organic
carbon fractions indicate higher amounts of smaller
aggregates, and thus they can be important indicators
of the carbon stabilization. While all mentioned cor-
relations were negative for WSA, in the case of DSA,
they were positive ones. DSA are important in the
assessment of soil management systems (Guo et al.
2021). Tillage leads to a more significant distur-
bance of the larger DSA (Xiao et al. 2019); thereby,
the proportion of smaller DSA increases. Since the
labile components dominate in the larger aggregates,
the results are the positive correlations between the
labile carbon fractions and the proportion of smaller

aggregates. The WSA are water-resistant aggregates,
and the organic carbon is more stabilized in them.
However, the DSA are aggregates in which the organic
carbon is initially accumulated (Six et al. 2002), and
then it is consequently decided on its stabilization
mechanisms in the WSA.

If the mentioned fractions are assessed at the
ecosystem level or soil management, the influence
of certain factors is filtered out, thereby the accuracy
of the assessment increases.

Specific indicators for the forest ecosystem. In the
case of a forest ecosystem, the statistically signifi-
cant correlations between the HWEOC and pH/KCl
(r = —0.574, P < 0.05) or H, (r = 0.547, P < 0.05)
were recorded. At a higher extraction temperature
(80 °C) and at the same time protein denaturation,
the microbial cells that were originally bound to the
sorption complex are extracted (Sparling et al. 1998),
whereas in the case of a forest ecosystem, the reason
may be also an increased fungi proportion, which are
dominant organisms in the acidic conditions (Zhou
et al. 2021). Moreover, the HWEOC appears to be
the most sensitive labile fraction that is responding
to changes in the SOC (Li et al. 2020; Wang et al. 2020).

-0.6 . . . . 0.6
* %
CL
* %%
CWEOC
HWEOC
NL * %
CL/Ny,
Lc
ns
EDSA 3-5 mm DSA 1-3 mm
BWSAI-2mm ®WSA 0.5-1 mm

Figure 2. Correlations between the parameters of carbon
and nitrogen and the fractional composition of dry-sieved
(DSA) and wet-sieved (WSA) soil aggregates; general for
both ecosystems

C1. — labile carbon oxidizable with KMnQO4 CWEOC - cold
water extractable organic carbon; HWEOC — hot water ex-
tractable organic carbon; Ny, — labile nitrogen; Ci/Ny, — ratio
of labile carbon and labile nitrogen; L¢ — lability of carbon;
424 P < 0.05, 0.01 and 0.001; ns — not significant
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In the forest ecosystem, the significant differences
between the labile fractions of organic carbon were
recorded, even in the case of soil depths (Figure 3),
contrary to the agroecosystem, in which the differ-
ences are erased by tillage because the depth of the
tillage on all fields was nearly the same in the past.

The higher TOC contents in the soils of the forest
ecosystem were on average in a depth of 0.0-0.1 m,
while it is not only the result of a natural ecosystem
specificity but also the response of the forest itself
to an organic carbon distribution in the soil profile
of a forest soil (Song et al. 2017). Cy, values were sig-
nificantly higher at a depth of 0.0-0.1 m, however the
differences in the contents of CWEOC and HWEOC
were less pronounced. The restoration of WEOC
in the upper layer is bound to rebuilding the organic
layer (Wang et al. 2020), which is important mainly
in the forest ecosystem. The distribution of WEOC
in the soil profile is one of the most intensive, and
simultaneously, its fractions respond more sensitively
to rapidly changing conditions. The WEOC is one
of the most mobile and the most accessible fractions
for microorganisms (Fissore et al. 2017). In the case
of a forest ecosystem, thus it will be the most suitable
indicator relating to a depth of 0.0-0.1 m.

From the mentioned labile fractions of the organic
carbon, it was again the HWEOC, which was in the
forest ecosystem in a depth of 0.0-0.1 m in nega-
tive correlations with the content of carbonates

https://doi.org/10.17221/119/2024-SWR

(r = -0.795, P < 0.05) and pH/KCI (r = -0.814,
P < 0.05). The structure of microbial community
is determined by pH, which was also reflected in a cor-
relation with HWEOC (Guigue et al. 2015). However,
the HWEOC has not impact on the changes in pH and
Ca?* (Zhao et al. 2024). L¢ parameter was in a depth
0f 0.0-0.1 m in a negative correlation with all chemi-
cal properties, but in a depth of 0.0-0.3 m, it was the
only parameter of all, which pronounced in this depth.
This indicates a higher stability of organic carbon
at a higher pH/KCI (r = —0.641, P < 0.05), content
of alkaline cations (S) (r = —0.661, P < 0.05), total
sorption capacity (T) (r = —0.632, P < 0.05). However,
the mechanism of WEOC stabilization by alkaline
cations in saline-alkaline soil is different, because
in these conditions, the influence of CaCOs is sup-
pressed by a high Na* concentration (Wu et al. 2021).

In relation to physical properties in the forest
ecosystem to a depth of 0.1 m (Figure 4), the Ny, pa-
rameter appears to be the most sensitive one.

In the case of soil texture, a negative correlation
of N, with the sand fraction and a positive correla-
tion with the silt fraction were recorded at a depth
of 0.0 — 0.1 m. Almost 80% of all organisms are
found at a depth up to 0.1 m (Qiu et al. 2023b),
of fungi up to 0.2 m (Xiao et al. 2024). These are
dominant in the forest ecosystem in the upper part
of the soil profile, and they mediate the nitrogen
to photosynthesizing plants. In the case of DSA, the
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Figure 3. Differences in: total organic carbon (TOC) (A), labile carbon (Cy) oxidizable with KMnO4 (B), cold water ex-
tractable organic carbon (CWEOC) (C), hot water extractable organic carbon (HWEOC) (D), with dependence to soil

depth in the forest ecosystem
P <0.05
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Figure 4. Correlations between the labile nitrogen (N1) and: particle size distribution (A), fractions of dry-sieved aggre-
gates (DSA) (B), fractions of wet-sieved aggregates (WSA) (C), in the forest ecosystem at a depth of 0.0-0.1 m

Ny at a depth of 0.0-0.1 m was in a correlation with
almost all fractions. While, in the case of larger frac-
tions in a positive correlation, in the case of smaller
fractions in a negative correlation that again indicates
the importance of fungi, mainly their contribution
to the mechanical formation of soil aggregates through
mycelia. Fungi are important mainly in the larger ag-
gregates immediately after the ploughing (Dal Ferro
et al. 2023). In the case of smaller aggregates, the
enzyme activity of fungi is higher, and the dominant
mechanism of stabilization is through secretion-
based bonding or hydrophobicity modulation (Liu
et al. 2023a). In the case of larger aggregates, there
are the fungi mycelia, and the physical mechanism
of stabilization is dominant. However, in both the
smaller and larger aggregates, the labile nitrogen
contents increase. Similar correlations of Ny as in
the WSA were found in the in DSA.

Specific indicators for the agroecosystem. In the
agroecosystem, the carbon parameters were extended
by Ll¢, CPIL, and CMI, and just in the case of these
parameters, the correlations with the carbonate con-
tents, pH/KCI], and the parameters of the sorption

complex were recorded. In the case of the agroeco-
system, the reduced tillage was manifested differently
in the depth of the soil sampling (Table 3). In the
case of the sorption complex at a depth of 0.0-0.1 m,
there were mainly correlations with the C; /Ny, ratio,
Lc, and CPI, thus with the secondary parameters,
however in the case of a depth of 0.0-0.3 m with
primary ones, so with the specific labile carbon
fractions (Cy, CWEOC, HWEOCQC).

While at a depth of 0.0-0.1 m, the stability of the
soil ecosystem was manifested in the form of the
above correlations, at a depth of 0.0 — 0.3 m, it was
an especially manifestation of the stability of organic
carbon in a specific time and place. In deeper parts
of the soil profile, the properties of soil have a strong
influence on the carbon stock (Lacéitusu et al. 2024),
which means that the mechanisms of its stabilization
are closely related to soil genesis, and they can be less
influenced by land use. At a depth of 0.0-0.1 m,
a higher value of H, and a lower pH/KCl indicated
higher carbon sources (CPI). However, at the higher
proportions of carbonates and alkaline cations, the
stability of organic carbon (LI¢) in the agroecosys-
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tem was higher. In the reduced tillage system, most
of the organic inputs are concentrated in a depth
0f0.0-0.1 m. In the decomposition process of organic
substances, the acidic components are produced
(Buresova et al. 2021), therefore, if all inputs are
accumulated only to this depth and at their simulta-
neous decomposition, the CPI value increases. The
intensity of the transformation processes increases
when the environmental conditions are optimized.
In this case, a sufficient proportion of carbonates
and alkaline cations participated not only in the
neutralization of newly formed acidic components
but also contributed to an increase in microbial ac-
tivity and, thus, the labile sources of organic carbon,
which reflected in a higher LI¢ value. The stabilizing
effect of carbonates is well known (Marti-Roura et al.
2019). At lower values of pH, the minerals become
also more soluble, and thus, the nutrients become
more accessible (Ferrarezi et al. 2022). At a depth
0f0.0-0.3 m, under the mentioned conditions, there
is a higher proportion of the labile fractions of carbon
(CL, CWEOC, HWEOC), the sources of which in this
depth are the roots, root exudates, and microbial
biomass of the rhizosphere zone, and simultaneously
the organic components leached from the surface
parts of the soil profile (Bellmore et al. 2015). The
next changes in the OC are driven by soil properties
(Xu et al. 2024) in a relevant part of the soil profile.
Overall, thus the carbon contents are not lower, but
only distributed to a greater depth.

With regard to soil structure, a more significant
variability in the parameters was at a depth of 0.0 to
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0.1 m, which is related to the aggregation process
itself. Various tillage systems influence differently the
formation of soil aggregates (de Souza et al. 2024),
whereas the most significant differences in the influ-
ence of tillage are at a depth of 0.00-0.05 m (Biichi
et al. 2022). At a depth of 0.0-0.1 m (Table 4), the
correlations on the level of overall ecosystem sta-
bility were again dominated, however, at a depth
of 0.0-0.3 m those that point to the stability of or-
ganic carbon at a specific time and place.

However, the positive correlations of the lability
and labile fractions with larger (> 5 mm) and nega-
tive with smaller (< 1 mm) fractions of DSA were
recorded in both depths. In the larger aggregates,
there is more labile organic carbon, which also sub-
jects to greater changes (Lee et al. 2009), which are
related not only to the availability of the substrate for
decomposers in connection to the size of soil pores
but also to the mechanism of aggregation itself. The
highest microbial activity is in the pores of the range
of 40-90 pum and these pores are associated with
a higher mineralization of the new organic inputs,
while the pores of < 40 pm size are associated with
carbon stabilization (Quigley et al. 2018). Larger
pores mean a higher intensity of the mineralization
and lower stability of the aggregates (Ma et al. 2021),
the result of which is a lower carbon stabilization
in the larger aggregates.

The relationships between the parameters of the
lability of organic matter in the soil and the fractional
composition of WSA under reduced tillage were
manifested only at a depth of 0.0-0.1 m (Table 5). The

Table 3. Correlations between the parameters of organic carbon and chemical properties in the agroecosystem with

a reduced tillage

Ha S Vv CO5~ pHxal
0.0-0.1 m
Llc ns 0.446* 0.473* ns 0.581** ns
CPI 0.796*** ns —-0.564** ns —0.577**
CMI ns ns ns ns ns
0.0-0.3 m
CL ns 0.453* 0.449* 0.445* ns 0.442*
CWEOC ns 0.479* 0.483* ns ns 0.463*
HWEOC ns 0.592%* 0.607** ns 0.553** ns

LIc — index of carbon lability; CPI — carbon pool index; CMI — carbon management index; Cy. — labile carbon oxidizable with

KMnOg4 CWEOC - cold water extractable organic carbon; HWEOC — hot water extractable organic carbon; H, — hydrolytic

acidity; S — sum of exchangeable cations; T — total sorption capacity; V — base saturation; CO%’ — contents of carbonates;

* P < 0.05, 0.01 and 0.001; ns — not significant
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Table 4. Correlations between the parameters of organic carbon and fractional composition of dry-sieved soil aggregates

(DSA) in the agroecosystem with a reduced tillage

>7 5-7 3-5 1-3 0.5-1 0.25-0.5 <0.25
(mm)

0.0-0.1m

Llc 0.440* 0.659*** ns -0.427*% -0.562** —-0.475* ns
CPIL ns ns ns ns ns ns —-0.447*
CMI 0.491* 0.620** ns ns -0.516* -0.446* -0.500*
0.0-0.3 m

Co ns 0.484* ns ns -0.461* —0.622** -0.565**
CWEOC ns ns ns ns ns ns ns
HWEOC ns 0.465% ns ns ns ns ns

LI¢ — index of carbon lability; CPI — carbon pool index; CMI — carbon management index; Cy, — labile carbon oxidizable with
KMnOg4 CWEOC - cold water extractable organic carbon; HWEOC — hot water extractable organic carbon; *,**,***P < 0.05,

0.01 and 0.001; ns — not significant

important finding is that it is a correlation of agro-
nomically the most size-valuable aggregates (1-2 mm),
which indicates that their higher proportion is at
a higher proportion of the stabile organic sources
and simultaneously at a lower intensity of changes.
Cheng et al. (2023) presented that the SOC content
is the highest in these aggregates (0.25—-2 mm), but the
amount of organic carbon in the aggregates does not
correspond to its higher stability. Overall, the stability
of soil aggregates varies depending on the organic
matter content, clay content and pH (Kodesova et al.
2009; Pavld et al. 2022), but their total stability is also
the result of a greater water repellence (Tomashefski
& Slater 2023).

On the contrary, in the case of conventional tillage, the
correlations were manifested only at a depth 0f 0.0-0.3 m
(Table 5). They were the correlations of the same pa-
rameters (LIc, CPI, CMI) with agronomically the most
valuable WSA (1-3 mm), with a shift of the WSA fraction
of the size 2—3 mm, which points to a more favourable
influence of the conventional tillage. The formation
of macro-aggregates is associated mainly with labile
carbon sources (Zhang et al. 2017), which have a greater
proportion in deeper parts of the soil profile in the
conventional tillage due to the incorporation of post-
harvest residues or organic fertilizers. The accumulation
of organic matter in the larger aggregates is associated
with carbon sequestration (Xiao et al. 2021a, b).

Table 5. Correlations between the parameters of organic carbon and fractional composition of the wet-sieved soil agg-

regates (WSA) in the agroecosystem with a different tillage

>5 3-5 2-3 1-2 0.5-1 0.25-0.5 <0.25
(mm)

Reduced tillage (0.0-0.1 m)
Llc 0.529%** ns ns -0.513* ns ns ns
CPIL ns 0.432* ns ns ns ns ns
CMI 0.603%* 0.445*% ns —0.585%* —0.499* ns ns
Conventional tillage (0.0-0.3 m)
Llc ns ns -0.462*% -0.502*% ns ns ns
CPIL ns ns -0.561%* —0.728*** ns ns ns
CMI ns ns —0.712%* —0.797%* ns ns 0.447*
LIc — index of carbon lability; CPI — carbon pool index; CMI — carbon management index; ***,***P < 0.05, 0.01 and 0.001;

ns — not significant
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Figure 5. Correlations between the parameters of orga-
nic carbon and the wet-sieved aggregates (WSA) of the
size 1-2 mm in the agroecosystem with reduced tillage
at a depth of 0.0-0.1 m

CL — labile carbon oxidizable with KMnO4 CWEOC - cold
water extractable organic carbon; HWEOC - hot water ex-
tractable organic carbon; Ny, — labile nitrogen; Ci/N, — ratio
of labile carbon and labile nitrogen; Lc — lability of carbon;
LIc — index of carbon lability; CPI — carbon pool index; CMI
— carbon management index; ***,***P < 0.05, 0.01 and 0.001;

ns — not significant

Overall, a higher content of WSA of the size 1-2 mm
was at a lower content of all labile carbon fractions
(CL, CWEOC, HWEOC) and a narrower Cy /Ny ratio
(Figure 5).

The influence of tillage on the proportion of agro-
nomically the most valuable WSA fractions was more
pronounced in the case of reduced tillage at a depth
0f 0.0-0.1 m, while in the case of conventional one
ata depth 0f 0.0-0.3 m, so in both cases to a maximum
depth of contemporary tillage. The tillage system
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influences the differences in aggregate fractions and
is in a close relation to bacterial community (Wang
et al. 2019), which is reflected in the correlations
with the various carbon fractions.

Since, in relation to the other observed param-
eters, relatively the same correlations were found
in both tillage systems, and they were significantly
manifested mainly in the agronomically the most
valuable WSA fractions, these parameters (LI¢, CPI,
CMI) can be considered key indicators of the impact
of tillage on both the stability of organic carbon and
soil aggregates themselves, since up to 90% of organic
carbon is stabilized in aggregates (Kan et al. 2020).

In the case of soil texture, the concordance at both
depths in the correlations was observed (Table 6).
A positive correlation between the C; and clay fraction
and a negative correlation between the CPI and sand
fraction point to the higher carbon sources in the
soils with a higher clay proportion, in spite of higher
content of labile carbon. The presence of clay, Ca**,
and organic carbon favour organo-mineral interac-
tions (Laranjeira et al. 2024), especially through the
cation bridges. However, the influence of soil texture
on organic carbon stabilization can be not only di-
rect, through the mechanisms of physico-chemical
or physical stabilization, but also indirect, through
the influencing of microbial activity (Liao et al. 2024).

In comparison to the forest ecosystem, in the agro-
ecosystem, the values of TOC and its labile fractions
in both depths are relatively equal (Figure 6). The
largest differences are in TOC, which includes all
organic carbon in the soil, including the recent inputs,
so its values are slightly higher at a depth of 0.0-0.1 m.
However, over time, the decomposition partly occurs,
mainly of labile carbon and simultaneously, a part
of organic carbon is distributed into deeper parts
of the soil profile by which the differences of Cy,

Table 6. Correlations between the parameters of organic carbon and particle size distribution in the agroecosystem

with a reduced tillage

Sand Silt Clay > 0.25 0.05-0.25 0.01-0.05 0.001-0.01
(mm)

0.0-0.1 m

CL ns ns 0.461* ns ns ns ns
CPIL —0.580** ns 0.483* ns —0.586** ns ns
0.0-0.3 m

CL ns ns 0.463* —0.428* ns ns ns
CPIL -0.493* ns 0.409* -0.475* -0.473* 0.534* ns

CL — labile carbon oxidizable with KMnOy; CPI - carbon pool index; *,**P < 0.05, 0.01; ns — not significant
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Figure 6. Differences in: total organic carbon (TOC) (A), labile carbon (Cy) oxidizable with KMnOj (B), cold water ex-
tractable organic carbon (CWEOC) (C), hot water extractable organic carbon (HWEOC) (D), with dependence on a soil

depth in the agroecosystem with reduced tillage
P<0.05

contents between the depths reduce. The WEOC/
TOC ratio increases with the depth of the soil profile
(Corvasce et al. 2006). The contents of CWEOC and
HWEOC at both depths are almost equal, as they are
by water-extractable forms that leached into deeper
parts of the soil profile continuously and faster. The
vertical distribution of OC in the soil profile is influ-

enced mainly by environmental factors (Zhang et al.
2024). Brevilieri et al. (2024) did not find substantial
differences in the carbon stock between the chisel-
ling and no-till systems, and so recommend the as-
sessment of organic carbon stock not only up to 0.3,
but up to 1 m. Thus, the evaluation of the tillage
effect on the SOC and its fractions is appropriate
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Figure 7. Differences in: total organic carbon (TOC) (A), labile carbon (Cy) oxidizable with KMnOj (B), cold water ex-
tractable organic carbon (CWEOC) (C), hot water extractable organic carbon (HWEOC) (D), with dependence on a soil
depth in the agroecosystem with a conventional tillage

P <0.05
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to do in a given tillage system to a depth of the soil
processing only in a short time period.

Even, if another tillage system is currently used
on the given field, due to the stability of organic
substances in the soil, it is also necessary to know the
previous interventions into the soil. In the past, the
conventional tillage system was used such a standard
and its effect on the soil continues until today.

In the conventional tillage system, the differences
between the depths are not so marked (Figure 7),
which points to an equal distribution of the carbon
in a given depth. Similarly, as in the reduced tillage
system, the differences in Cj, are also slightly larger
than those of CWEOC and HWEOC. The mentioned
Figures 6 and 7 prove that more marked differences
in the contents of TOC and its labile fractions in rela-
tion to the tillage system were not observed. There-
fore, it is rather a various distribution of relatively
equal carbon contents in different depths of the soil
profile. After the ploughing, the content of organic
carbon at a depth of 0.30-0.45 m, mainly of its labile
fractions, increases (Koch & Stockfisch 2006), and
the reduced tillage does not contribute to an overall
increase of organic carbon in the soil, but only to its
different redistribution in the soil profile (Baker et al.
2007; Jantalia et al. 2007).

The above confirms an initial assumption and
a correct decision for the selection of the indicators
for a determination of the stability of organic sub-
stances from the labile parameters since the stabile
components do not respond to changes in a short
time period and they are rather typical characteristics
of the given soil type.

CONCLUSION

The choice of a suitable indicator of the stability
of organic carbon in the soil is influenced not only
by a land use or soil depth, but it dependents also
on the stabilization mechanisms itself. Indicators can
be determined as general or specific for concrete use
or conditions, which means less or more accurate.
The HWEOC can be considered a general indicator
of the stabilization of organic carbon for all studied
land uses, but it can also be a specific indicator for
some of them. It appears to be the most suitable for the
forest ecosystem and, in the case of agroecosystem,
for the reduced tillage at a depth of 0.0-0.1 m and
for the conventional tillage at a depth of 0.0-0.3 m.
In terms of the time and financial demands of its
determination, the primary parameter (HWEOC)
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is preferred to secondary ones (CPI, LI¢). However,
it is clear that each generalization means a decrease
in the sensitivity of each indicator. It is appropriate
to take into account the stabilization mechanism
itself since its dominance is significantly influenced
by the soil type. HWEOC was a specific indicator
dominantly for chemical stabilization and Ny, for
physical one; however, both dominantly for a depth
of 0.0-0.1 m, but the C; is the most suitable for
a depth of 0.0-0.3 m. Therefore, it is more appropriate
to prefer the indicators that are recommended for
a specific land use, soil management system or depth.

REFERENCES

Artemyeva Z., Danchenko N., Kolyagin Y., Zazovskaya E.,
Kogut B. (2022): Variations in the chemical structure
and carbon-13 natural abundance in water-stable macro-
and microaggregates in Haplic Chernozem under the
contrasting land use variants. Environmental Research,
213:113701.

Arthur E., Tuller M., Norgaard T., Moldrup P., Chen Ch., Re-
hman H.U., Weber P.L., Knadel M., Wollesen de Jonge L.
(2023): Contribution of organic carbon to the total spe-
cific surface area of soils with varying clay mineralogy.
Geoderma, 430: 116314.

Bai T., Qiu Y., Hu S. (2024): Nitrogen availability mediates
the effects of roots and mycorrhizal fungi on soil organic
carbon decomposition: A meta-analysis. Pedosphere,
34: 289-296.

Baker J.M., Ochsner T.E., Venterea R.T., Griffis T.J. (2007):
Tillage and soil carbon sequestration — what do we really
know? Agriculture, Ecosystems & Environment, 118: 1-5.

Banké L., Téth G., Marton C.L., Hoffmann S. (2021): Hot-
water extractable C and N as indicators for 4p1000 goals
in a temperate-climate long-term field experiment: A case
study from Hungary. Ecological Indicators, 126: 107364.

Bedrna Z., Jen¢o M. (2016): Pedogeography. Legalities
of Spatial Differentiation of the Pedosphere. Bratislava,
Comenius University Bratislava.

Begum R., Jahangir M.M.R., Jahiruddin M., Islam M.R.,
Bokhtiar S.H., Islam K.R. (2022): Reduced tillage with
residue retention improves soil labile carbon pools and
carbon lability and management indices in a seven-year
trial with wheat-mung bean-rice rotation. Pedosphere,
32:916-927.

Bellmore R.A., Harrison J.A., Needoba J.A., Brooks E.S.,
Keller C.K. (2015): Hydrologic control of dissolved or-
ganic matter concentration and quality in a semiarid ar-
tificially drained agricultural catchment. Water Research,
51: 8146-8164.


https://www.agriculturejournals.cz/web/swr/

Soil and Water Research, 20, 2025 (1): 52—-68

Original Paper

https://doi.org/10.17221/119/2024-SWR

Blair G.J., Lefroy R.D.B., Lisle L. (1995): Soil carbon frac-
tions, based on their degree of oxidation, and the devel-
opment of a carbon management index for agricultural
systems. Australian Journal of Agricultural Research,
46: 1459-1466.

Bongiorno G., Biinemann E.K., Oguejiofor C.U., Meier J.,
Gort G., Comans R., Médder P, Brussaard L., de Goede R.
(2019): Sensitivity of labile carbon fractions to tillage and
organic matter management and their potential as com-
prehensive soil quality indicators across pedoclimatic
conditions in Europe. Ecological Indicators, 99: 38-50.

Brevilieri R.C., DieckowJ., Barth G., Veloso M.G., Pergher M.,
Pauletti V., Joris H.A.W. (2024): No-tillage and fertilization
effectively improved soil carbon and nitrogen in a subtropi-
cal Ferralsol. Soil & Tillage Research, 241: 106095.

Bu X., Ding J., Wang L., Yu X., Huang W., Ruan H. (2011):
Biodegradation and chemical characteristics of hot-water
extractable organic matter from soils under four different
vegetation types in the Wuyi Mountains, south-eastern
China. European Journal of Soil Biology, 47: 102—-107.

Biichi L., Walder F.,, Banerjee S., Colombi T., van der Heijden
M.G.A., Keller T., Charles R. Six J. (2022): Pedoclimatic
factors and management determine soil organic carbon
and aggregation in farmer fields at a regional scale. Geo-
derma, 409: 115632.

Buresova A., Tejnecky V., Kopecky J., Drabek O., Madro-
va P, Rerichova N., Omelka M., Krizova P., Nemecek K.,
Parr T.B., Ohno T., Sagova-Mareckova M. (2021): Litter
chemical quality and bacterial community structure in-
fluenced decomposition in acidic forest soil. European
Journal of Soil Biology, 103: 103271.

Chen H., Hao Y,, Ma Y., Wang Ch., Liu M., Mehmood I.,
Fan M., Plante A.F. (2024a): Maize straw-based organic
amendments and nitrogen fertilizer effects on soil and
aggregate-associated carbon and nitrogen. Geoderma,
443:116820.

Chen L., Zhou S., Zhang Q., Zou M., Yin Q., Qiu Y., Qin W.
(2024b): Effect of organic material addition on active soil
organic carbon and microbial diversity: A meta-analysis.
Soil & Tillage Research, 241: 106128.

Cheng Y., Xu G., Wang X., Li P, Dang X., Jiang W., Ma T.,
Wang B., GuF, Li Z. (2023): Contribution of soil aggregate
particle size to organic carbon and the effect of land use
on its distribution in a typical small watershed on Loess
Plateau, China. Ecological Indicators, 155: 110988.

Corvasce M., Zsolnay A., D’Orazio V., Lopez R., Miano
T.M. (2006): Characterization of water extractable or-
ganic matter in a deep soil profile. Chemosphere, 62:
1583-1590.

Cui ], Li Z, Liu Z., Ge B., Fang Ch., Zhou Ch., Tang B.

(2014): Physical and chemical stabilization of soil organic

carbon along a 500-year cultivated soil chronosequence
originating from estuarine wetlands: Temporal patterns
and land use effects. Agriculture, Ecosystems & Environ-
ment, 196: 10-20.

Dal Ferro N., Stevenson B., Morari F., Miille K. (2023):
Long-term tillage and irrigation effects on aggregation
and soil organic carbon stabilization mechanisms. Geo-
derma, 432: 116398.

Dale V.H., Beyeler S.C. (2001): Challenges in the develop-
ment and use of ecological indicators. Ecological Indica-
tors, 1: 3-10.

de Souza R.S., de Morais I.S., Rosset J.S., de Melo Rodri-
gues T., Loss A., Pereira M.G. (2024): Aggregation as soil
quality indicator in areas under different uses and man-
agements. Farming System, 2: 100082.

Duval M.E., Galantini J.A., Martinez J.M., Limbozzi F.
(2018): Labile soil organic carbon for assessing soil qual-
ity: Influence of management practices and edaphic con-
ditions. Catena, 171: 316—326.

Fernandes M.M.H., Coelho A.P,, da Silva M.F,, Fernandes C.
(2022): Do fallow in the off-season and crop succession
promote differences in soil aggregation in no-tillage sys-
tems? Geoderma, 412: 115725.

Ferrarezi R.S., Lin X., Gonzalez Neira A.C., Tabay Zam-
bon F., Hu H., Wang X., Huang J.H., Fan G. (2022):
Substrate pH influences the nutrient absorption and
rhizosphere microbiome of Huanglongbing-affected
grapefruit plants. Frontiers in Plant Science, 13: 1-17.

Fissore C., Dalzell B.J., Berhe A.A., Voegtle M., Evans M.,
Wu A. (2017): Influence of topography on soil organic
carbon dynamics in a Southern California grassland.
Catena, 149: 140-149.

FuY.,, HuZ., Zhu Q., Rong Y. (2023): Characteristics of labile
organic carbon fractions under different types of subsid-
ence waterlogging areas in a coal mining area: A case
study in Xinglongzhuang Coal Mine, China. Catena,
232:107398.

Geraei D.S., Hojati S., Landi A., Cano A.F. (2016): Total and
labile forms of soil organic carbon as affected by land
use change in south-western Iran. Geoderma Regional,
7:29-37.

Ghani A., Dexter M., Perrott K.\. (2003): Hot-water ex-
tractable carbon in soils: A sensitive measurement for
determining impacts of fertilisation, grazing and cultiva-
tion. Soil Biology & Biochemistry, 35: 1231-1243.

Guigue J., Lévéque J., Mathieu O., Schmitt-Kopplin P., Lu-
cio M., Arrouays D, Jolivet C., Dequiedt S., Prévost-Bou-
ré N.Ch., Ranjard L. (2015): Water-extractable organic
matter linked to soil physico-chemistry and microbiol-
ogy at the regional scale. Soil Biology & Biochemistry,
84: 158-167.

65


https://www.agriculturejournals.cz/web/swr/

Original Paper

Soil and Water Research, 20, 2025 (1): 52-68

Guo Z., Chang Ch., Zou X., Wang R., Li J., Li Q. (2021):
A model for characterizing dry soil aggregate size dis-
tribution. Catena, 198: 105018.

Hao G., Dong Z. (2023): Vegetation succession accelerated
the accumulation of soil organic carbon on road-cut
slopes by changing the structure of the bacterial com-
munity. Ecological Engineering, 197: 107118.

Hou Q., Ni Y., Huang S., Zuo T., Wang J., Ni W. (2023):
Effects of substituting chemical fertilizers with manure
onrice yield and soil labile nitrogen in paddy fields of Chi-
na: A meta-analysis. Pedosphere, 33: 172-184.

Hu Q,, Liu T., Ding H., Li Ch., Yu M,, LiuJ., Cao C. (2023):
The effects of straw returning and nitrogen fertilizer
application on soil labile organic carbon fractions and
carbon pool management index in a rice-wheat rotation
system. Pedobiologia, 101: 150913.

Huang B., Zhang L., Cao Y., Yang Y., Wang P, Li Z,, Lin Y.
(2023): Effects of land-use type on soil organic carbon
and carbon pool management index through arbuscular
mycorrhizal fungi pathways. Global Ecology & Conserva-
tion, 43: e02432.

Husain H., Keitel C., Dijkstra F.A. (2024): Fungi are more
important than bacteria for soil carbon loss through prim-
ing effects and carbon protection through aggregation.
Applied Soil Ecology, 195: 105245.

Jantalia C.P, Resck D.V.S., Alves B.].R., Zotarelli L., Urquiaga S.,
Boddey R.M. (2007): Tillage effect on C stocks of a clayey
Oxisol under a soybean-based crop rotation in the Brazil-
ian Cerrado region. Soil & Tillage Research, 95: 97-109.

Jaremko D., Kalembasa D. (2014): A comparison of methods
for the determination of cation exchange capacity of soils.
Ecological Chemistry & Engineering, 21: 487-498.

Ji X., Jiang J., Wang Y., Colinet G., Feng W. (2024): Small
straw addition enhances straw decomposition and car-
bon stabilized in soil aggregates over time. Soil & Tillage
Research, 238: 106022.

Jiang Y., Li S., Barnes A.D., Liu J., Zhu G., Luan L., Dini-
Andreote F.,, Geisen S., Sun B. (2023): Unraveling the
importance of top-down predation on bacterial diversity
at the soil aggregate level. Geoderma, 439: 116658.

Kan Z.-R., Virk A.L., He C,, Liu Q.-Y,, Qi J.Y., Dang Y.P,,
Zhao X., Zhang H.-L. (2020): Characteristics of carbon
mineralization and accumulation under long-term con-
servation tillage. Catena, 193: 104636.

KilpeldinenJ., Peltoniemi K., Ojanen P., Mékiranta P., Adam-
czyk S., Domisch T., Laiho R., Adamczyk B. (2023): Water-
logging may reduce chemical soil C stabilization in forested
peatlands. Soil Biology & Biochemistry, 187: 109229.

Koch H.J., Stockfisch N. (2006): Loss of soil organic mat-
ter upon ploughing under a loess soil after several years
of conservation tillage. Soil & Tillage Research, 86: 73—83.

66

https://doi.org/10.17221/119/2024-SWR

Kode$ova R., Rohogkova M., Zigovd A. (2009): Comparison
of aggregate stability within six soil profiles under con-
ventional tillage using various laboratory tests. Biologia,
64: 550—554.

Korec P, Lauko V., Tolmdci L., Zubricky G., Micietova E.
(1997): Region and Districts of Slovakia. A New Admin-
istrative Structure. Bratislava, Q111.

Kupka D., Gruba P. (2022): Effect of pH on the sorption
of dissolved organic carbon derived from six tree species
in forest soils. Ecological Indicators, 140: 108975.

Licatusu A.-R., Domnariu H., Paltineanu C., Dumitru S.,
Vrinceanu A., Moraru I., Anghel A., Marica D. (2024):
Influence of some environmental variables on organic
carbon and nitrogen stocks in grassland mineral soils
from various temperate-climate ecosystems. Environ-
mental & Experimental Botany, 217: 105554.

Laranjeira L.T., Schiavo J.A., de Souza Oliveira N., Pereira
M.G., Viana de Moraes E.M., Cirilo de Souza A., Ozdrio
J.M.B. (2024): Black soils in the southwest of the Brazilian
Pantanal: Organic carbon and secondary carbonates ac-
cumulation in Phaeozems—Gleysol-Chernozem. Journal
of South American Earth Sciences, 141: 104935.

Lee S.B., Lee C.H,, Jung K.Y,, Park K.D., Lee D., Kim P.J.
(2009): Changes of soil organic carbon and its fractions
in relation to soil physical properties in a long-term fer-
tilized paddy. Soil & Tillage Research, 104: 227-232.

LiT.,, Zhang Y., Bei S., Li X., Reinsch S., Zhang H., Zhang J.
(2020): Contrasting impacts of manure and inorganic fer-
tilizer applications for nine years on soil organic carbon
and its labile fractions in bulk soil and soil aggregates.
Catena, 194: 104739.

Liang Y., Rillig M.C., Chen H.Y.H., Shan R., Ma Z. (2024): Soil
pH drives the relationship between the vertical distribution
of soil microbial biomass and soil organic carbon across ter-
restrial ecosystems: A global synthesis. Catena, 238: 107873.

Liao Ch., Chang K., Wu Ch., Zhang D., Wang Ch., Cheng X.
(2024): Divergence in soil particulate and mineral-associ-
ated organic carbon reshapes carbon stabilization along
an elevational gradient. Catena, 235: 107682.

Liu Ch,, JinY,, Lin F, Jiang Ch., Zeng X., Feng, D., Huang F.,
Tang J. (2023a): Land use change alters carbon and ni-
trogen dynamics mediated by fungal functional guilds
within soil aggregates. Science of The Total Environment,
902: 166080.

LiuK, LiP, Li G.,, Ma X., LiuM,, LiuJ., Wu M., Li Z. (2023b):
Long-term fertilization promotes soil organic nitrogen
accumulation by increasing the abundance of keystone
microbial cluster across aggregates. Applied Soil Ecol-
ogy, 192: 105086.

Liu X, LiL.,QiZ.,Han]J., Zhu Y. (2017): Land-use impacts

on profile distribution of labile and recalcitrant carbon


https://www.agriculturejournals.cz/web/swr/

Soil and Water Research, 20, 2025 (1): 52—-68

Original Paper

https://doi.org/10.17221/119/2024-SWR

in the Ili River Valley, northwest China. Science of The
Total Environment, 586: 1038—1045.

Loginov W., Wisniewski W., Gonet S.S., Ciescinska B.
(1987): Fractionation of organic carbon based on sus-
ceptibility to oxidation. Polish Journal of Soil Science,
20: 47-52.

Luo X., Zhang R., Zhang L., Frew A., Yu H., Hou E., Wen D.
(2024): Mechanisms of soil organic carbon stabilization
and its response to conversion of primary natural broad-
leaf forests to secondary forests and plantation forests.
Catena, 240: 108021.

Ma R., Jiang Y., Liu B., Fan H. (2021): Effects of pore struc-
ture characterized by synchrotron-based micro-comput-
ed tomography on aggregate stability of black soil under
freeze-thaw cycles. Soil & Tillage Research, 207: 104855.

Malou O.P., Chevallier T., Moulin P., Sebag D., Rakoton-
drazafy M.N, Badiane-Ndour N.Y.,, Thiam A., Chapuis-
Lardy L. (2023): Measuring the stability of soil organic
carbon in Arenosols in the Senegalese Groundnut Basin.
Journal of Arid Environments, 213: 104978.

Martinez J.M., Galantini J.A., Duval M.E., Lépez F.M.
(2017): Tillage effects on labile pools of soil organic ni-
trogen in a semi-humid climate of Argentina: A long-term
field study. Soil & Tillage Research, 169: 71-80.

Marti-Roura M., Hagedorn F., Rovira P., Romanya J. (2019):
Effect of land use and carbonates on organic matter sta-
bilization and microbial communities in Mediterranean
soils. Geoderma, 351: 103-115.

Oliveira F.C.C., Bacon A., Fox T.R., Jokela E.]., Kane M.B.,
Martin T.A., Noormets A., Ross C.W., Vogel J., Marke-
witz D. (2022): A regional assessment of permanganate
oxidizable carbon for potential use as a soil health in-
dicator in managed pine plantations. Forest Ecology &
Management, 521: 120423.

Pavlu L., Kode$ova R., Vasat R., Fér M., Klement A., Niko-
dem A., Kapicka A. (2022): Estimation of the stability
of topsoil aggregates in areas affected by water erosion
using selected soil and terrain properties. Soil & Tillage
Research, 219: 105348.

Pulleman M., Wills S., Creamera R., Dickd R., Ferguson R.,
Hooper D., Williams C., Margenot A.J. (2021): Soil mass
and grind size used for sample homogenization strongly
affect permanganate-oxidizable carbon (POXC) values,
with implications for its use as a national soil health
indicator. Geoderma, 383: 114742.

Qiu H., Liu J., Boorboori M.R., Li D., Chen S, Ma X.,
Cheng P.,, Zhang H. (2023a): Effect of biochar application
rate on changes in soil labile organic carbon fractions and
the association between bacterial community assembly
and carbon metabolism with time. Science of The Total
Environment, 855: 158876.

Qiu Y., Zhou S., Zhang C., Chen L., Qin W., Zhang Q.
(2023b): Vertical distribution and weathering character-
istic of microplastics in soil profile of different land use
types. Science of The Total Environment, 905: 166902.

Qu W, LiJ., Han G., Wu H,, Song W., Zhang X. (2019):
Effect of salinity on the decomposition of soil organic
carbon in a tidal wetland. Journal of Soils & Sediments,
19: 609-617.

Quigley M.Y., Negassa W.C., Guber A.K., Rivers M.L.,
Kravchenko A.N. (2018): Influence of pore characteris-
tics on the fate and distribution of newly added carbon.
Frontiers in Environmental Science, 6: 51.

Ramirez P.B., Calderén EJ., Fonte S.T., Santibdnez F., Bonilla
C.A. (2020): Spectral responses to labile organic carbon
fractions as useful soil quality indicators across a climatic
gradient. Ecological Indicators, 111: 10604:2.

Rhoades J.D. (1982): Soluble salts. In: Page A.L. (eds):
Methods of Soil Analysis. Madison, American Society
of Agronomy: 167-179.

Sarkar D., Haldar A. (2005): Physical and Chemical Meth-
ods in Soil Analysis. New Delhi, New Age International.

Sequeira C.H., Alley M.M., Jones B.P. (2011): Evaluation
of potentially labile soil organic carbon and nitrogen
fractionation procedures. Soil Biology & Biochemistry,
43: 438-444.

Six J., Conant R.T., Paul E.A., Panstian K. (2002): Stabiliza-
tion mechanisms of soil organic matter: implications for
C-saturation of soils. Plant & Soil, 241: 151-176.

Skjemstad J.O., Baldock J.A. (2007): Total and organic carbon.
In: Carter M.R., Gregorich E.G. (eds): Soil Sampling and
Methods of Analysis. Boca Raton, CRC Press: 225-238.

Song W., Liu Y., Tong X. (2017): Newly sequestrated soil
organic carbon varies with soil depth and tree species
in three forest plantations from north-eastern China.
Forest Ecology & Management, 400: 384—395.

Song X.Y., Spaccini R., Pan G., Piccolo A. (2013): Stabiliza-
tion by hydrophobic protection as a molecular mechanism
for organic carbon sequestration in maize-amended rice
paddy soils. Science of The Total Environment, 458-460:
319-330.

Sparling G., Vojvodi¢-Vukovi¢ M., Schipper L.A. (1998):
Hot-water-soluble C as a simple measure of labile soil or-
ganic matter: the relationship with microbial biomass C.
Soil Biology & Biochemistry, 30: 1469-1472.

Standford G., Smith S.J. (1978): Oxidative release of poten-
tially mineralizable soil nitrogen by acid permanganate
extraction. Soil Science, 126: 210-218.

Tomashefski D., Slater B. (2023): Water-stable aggregation
among untilled and intensively tilled soils with similar
contents of aggregating agents in central Ohio, USA.
Geoderma Regional, 35: e00727.

67


https://www.agriculturejournals.cz/web/swr/

Original Paper

Soil and Water Research, 20, 2025 (1): 52-68

van Reeuwijk L.P. (2002): Procedures for Soil Analysis.
Wageningen, International Soil Reference and Informa-
tion Centre.

Wang D., Abdullah K.M., Xu Z., Wang W. (2020): Water
extractable organic C and total N: The most sensitive
indicator of soil labile C and N pools in response to the
prescribed burning in a suburban natural forest of sub-
tropical Australia. Geoderma, 377: 114586.

Wang H., Wang S., Wang R., Zhang Y., Wang X., Lia J.
(2019): Direct and indirect linkages between soil ag-
gregates and soil bacterial communities under tillage
methods. Geoderma, 354: 113879.

Wang X., Butterly C.R., Baldock J.A., Tang C. (2017): Long-
term stabilization of crop residues and soil organic carbon
affected by residue quality and initial soil pH. Science
of The Total Environment, 587-588: 502—509.

Wang X., Sheng L., Li Y, Jiang H., Lv Z., Qi W., Luo W.
(2022): Soil labile organic carbon indicating seasonal
dynamics of soil organic carbon in northeast peatland.
Ecological Indicators, 138: 108847.

WRB (2015): World Reference Base for Soil Resources 2015.
International Soil Classification System for Naming Soils
and Creating Legends for Soil Maps. World Soil Resources
Reports No. 198. Rome, FAO.

Wu L., Zheng H., Wang X. (2021): Effects of soil amend-
ments on fractions and stability of soil organic matter
in saline-alkaline paddy. Journal of Environmental Man-
agement, 294: 112993.

Xiao D., HuangY., Feng S., Ge Y., Zhang W., Hea X., Wang K.
(2018): Soil organic carbon mineralization with fresh
organic substrate and inorganic carbon additions in a red
soil is controlled by fungal diversity along a pH gradient.
Geoderma, 321: 79-89.

Xiao D., He X., Zhang W., Chen M., Hu P., Wu H., Liao X.,
Wang, K. (2024): Strengthen interactions among fungal
and protistan taxa by increasing root biomass and soil
nutrient in the topsoil than in the soil-rock mixing layer.
Journal of Environmental Management, 355: 120468.

Xiao J., Dong S., Zhao Z., Han Y., Li S., Shen H., Ding C.
(2021Db): Stabilization of soil organic carbon in the alpine
meadow is dependent on the nitrogen deposition level
on the Qinghai-Tibetan Plateau. Ecological Engineering,
170: 106348.

Xiao L., Zhang W., Hu P,, Xiao D., Yang R, Ye Y., Wang K.
(2021a): The formation of large macro-aggregates induces
soil organic carbon sequestration in short-term cropland
restoration in a typical karst area. Science of The Total
Environment, 801: 149588.

68

https://doi.org/10.17221/119/2024-SWR

Xiao Sh.-Sh., Ye Y.-Y,, Xiao D., Chen W.-R., Zhang W., Wang
K.-L. (2019): Effects of tillage on soil N availability, ag-
gregate size, and microbial biomass in a subtropical karst
region. Soil & Tillage Research, 192: 187-195.

Xu X., Bi R,, Song M., Dong Y,, Jiao Y., Wang B., Xiong Z.
(2024): Organic substitutions enhanced soil carbon sta-
bilization and reduced carbon footprint in a vegetable
farm. Soil & Tillage Research, 236: 105955.

YuP,LiY, LiuS., LiuJ., Ding Z., Ma M., Tang X. (2022): Af-
forestation influences soil organic carbon and its fractions
associated with aggregates in a karst region of Southwest
China. Science of The Total Environment, 814: 152710.

Zhang C., Wang Y., Tang Y., Hong B. (2024): Soil burial
controls organic carbon variability in the deep soil of the
Loess Critical Zone. Earth Critical Zone, 1: 100005.

Zhang X., Xin X., Zhu A., ZhangJ., Yang W. (2017): Effects
of tillage and residue managements on organic C accu-
mulation and soil aggregation in a sandy loam soil of the
North China Plain. Catena, 156: 176—183.

Zhao L., Sun Y., Zhang X., Yang X., Drury C.F. (2006): Soil
organic carbon in clay and silt sized particles in Chinese
Mollisols: Relationship to the predicted capacity. Geo-
derma, 132: 315-323.

Zhao M., Zhou J., Kalbitz K. (2008): Carbon mineraliza-
tion and properties of water-extractable organic carbon
in soils of the south Loess Plateau in China. European
Journal of Soil Biology, 44: 158—-165.

Zhao R., Kuzyakov Y., Zhang H., Wang Z., Li T., Shao L.,
Jiang L., Wang R., Li M., Sun O.]., Jiang Y., Han X. (2024):
Labile carbon inputs offset nitrogen-induced soil aggre-
gate destabilization via enhanced growth of saprophytic
fungi in a meadow steppe. Geoderma, 443: 116841.

Zhong X.-L., Li J.-T., Li X.-J., Ye Y.-Ch., Liu S.-S., Hallett
P.D., Ogden M.R., Naveed M. (2017): Physical protection
by soil aggregates stabilizes soil organic carbon under
simulated N deposition in a subtropical forest of China.
Geoderma, 285: 323-332.

Zhou Y, Jia X, Han L., Tian G., Kang S., Zhao Y. (2021):
Spatial characteristics of the dominant fungi and their
driving factors in forest soils in the Qinling Mountains,
China. Catena, 206: 105504.

Received: October 1, 2024
Accepted: November 28, 2024
Published online: January 3, 2025


https://www.agriculturejournals.cz/web/swr/

