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Abstract. The study evaluated the influence of the tillage
system no-till (RT), strip-till (ST-OP), conventional till on the
stability and distribution of soil aggregates as well as the relation-
ship between the size-classes of soil aggregates and the content
and quality of organic matter. The soil was sampled in a field
experiment from the depth of 0-10 and 10-20 cm. The analyses
concerned determination of carbon and nitrogen content, humus
fractions, and soil aggregate size distribution. The obtained frac-
tions of aggregates were analyzed for total organic carbon and
total nitrogen content and stability. The results demonstrated that,
regardless of the cultivation method, the contribution of particular
size-classes of aggregates in the analyzed Luvisol was similar —
large macroaggregates (>2 mm) 43-49%, small macroaggregates
(2-0.75 mm) 7-8%, and the fraction <0.75 mm 44-49%. The soil
aggregates from the 0-10 cm layer of ST-OP and RT were char-
acterized by higher total organic carbon content in comparison to
conventional till. Reduced tillage is beneficial for creating more
stable structures of soil aggregates, especially in the top soil lay-
er. The stability of soil aggregates positively correlate with total
organic carbon content in the soil and parameters describing soil
fertility, organic matter stability, and carbon sequestration.

Keywords: stability, organic matter, tillage system, humic
and fulvic acids, soil aggregates

1. INTRODUCTION

One of the important purposes of sustainable agricul-ture
is soil quality conservation. Hence, conservation mana-
gement is fundamental for maintaining and enhancing agri-
cultural production and soil quality (Da Silva Rodrigues

*Corresponding author e-mail: piotr.wojewodzki@pbs.edu.pl

Pinto et al.,2022). Bronick and Lal (2005) indicate that tran-
sition from conventional tillage to no-tillage practices may
improve soil quality, which may be proved by some indica-
tors like soil aggregation and soil organic matter (SOM)
content. Soil structure is influenced by aggregation, which
develops soil physical properties and, consequently,
impacts soil fertility and carbon sequestration (Cao et al.,
2016; Chen et al., 2009; 2015; Zhao et al., 2017).

Soil structure is a crucial attribute that maintains the
conditions of the soil ecosystem and its ability to sup-
port biodiversity (Bronick and Lal, 2005). It is primarily
created by the contribution of soil aggregates. The main
size-classes of soil aggregates are described as macro- and
microaggregates. The diameter of macroaggregates ranges
from 0.25 to 10 mm, while the diameter of microaggregates
is less than 0.25 mm (Niewczas, 2003). A more speci-
fied classification indicates the following classes: large
macroaggregates (>2000 um), smallmacroaggregates (2000-
250 pm), microaggregates (250-53 um), and the silt+clay
fraction (<53 um) (Cambardella and Elliott, 1993).

The factor describing the quality of soil aggregates is
the so-called “stability”. This term means the resistance
of soil aggregates against disruption in water conditions.
It is described by various indexes: mean weight diameter
(MWD), water stable aggregates (WSA), soil aggregate sta-
bility (SAS), or aggregate stability index (ASI). The WSA,
SAS, and ASI indexes are expressed in % and indicate
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the contribution of water resistant soil aggregates. Soil
aggregate structure and aggregate stability are important
factors that contribute to sustainable soil quality and soil
erosion potential (Williams and Petticrew, 2009); hence,
the stability can be used as an indicator of soil structure
(Mikha et al., 2024; Six et al., 2000). The stability and size
distribution of soil aggregates are developed by various
mechanisms. In general, these parameters positively cor-
relate with the content of soil organic matter, clay minerals,
and multivalent cations and their complex in soil aggre-
gates (Zhao et al., 2017). A positive relationship between
soil aggregate stability, the content of humic substances,
and cation exchange capacity has been revealed (Bartlova
et al., 2015; Liitzow et al., 2006; Oades, 1984; Six et al.,
2002). An important factor affecting the stability and size
distribution of soil aggregates is also land use, tillage
practices, and fertilization (Bronick and Lal, 2005; Khan et
al., 2022; Tobiasova, 2011; Yang et al., 2023; Zhao et al.,
2017, 2023).

The study conducted by Al-Kaisi et al. (2014) on five
tillage systems indicated that the stability of micro- and
macroaggregates was the highest for no-till practices and
the lowest for deep rip system as follows: no-till > strip-
till>chisel plow>moldboard plow>deep rip. This research
also revealed a positive correlation between the content of
soil organic carbon (SOC) and aggregate stability as well
as a decrease in SOC and total nitrogen (TN) content when
comparing no-till and strip-till practices with plow prac-
tices. On the basis of a 34-year field experiment, Yang ef al.
(2023) concluded that fertilization including manure con-
tributed to better improvement in soil organic carbon, total
nitrogen, particle organic carbon, and microbial biomass
carbon in all aggregates than the fertilizer alone. The study
also revealed that SOC in different aggregates increased
with the increased aggregate size and that the contribution
rate of SOC and TN in macroaggregates was positively
associated with the aggregate stability and size-class. The
work by Wang et al. (2019) on the influence of tillage treat-
ments on the distribution of soil aggregates and organic
carbon content indicated that no-tillage and reduced till-
age practices significantly increased the amount of small
macroaggregates in comparison to conventional tillage. It
was also noted that the no-tillage treatment significantly
increased the organic carbon contents in the upper 10 cm
soil layer in the large macroaggregates and microaggre-
gates. In all the analyzed treatments, the share of individual
fractions of aggregates was as follows: microaggregates
48-82%, small macroaggregates 5-40%, the silt+clay frac-
tion 9-13%, large macroaggregates 0-10%.

Wu et al. (2019) concluded that conservation tillage
practices led to changes in the SOC content and the aggre-
gate characteristics of soils. Especially no tillage practices
with straw retention enhanced the contents of SOC and TN
in the soil macroaggregates.

P.P. WOJEWODZKI et al.

Improvement of the stability of soil aggregates in agro-
ecosystems depends on the quality of organic matter and
its ability to produce humic substances. Humic substances
are compounds that are resistant to decomposition and sub-
stantially determine the aggregate structure (Volikov et al.,
2016). The factors influencing soil organic matter (SOM)
content and its quality are fertilization, quantity and quality
of post-harvest residues (crop rotation), and the tillage sys-
tem (plow, plowless, strip-till) (Chantigny, 2003; Debska
et al., 2022, 2020; Debska et al., 2016; Domingo-Olivé et
al., 2016; Gautam et al., 2022; Kalbitz et al., 2000; Wang
etal.,2015; Zhang et al., 2019). Some authors (Jaskulska ez
al.,2020; Kassam et al., 2019; Li et al., 2023; Morris et al.,
2010; Reicosky, 2015; Wittwer et al., 2021) indicate that
limiting plow cultivation of soil is one of the key factors
reducing the risk of an adverse impact of field crop pro-
duction on the environment. An example of a far-reaching
reduction of tillage treatments is strip-till cultivation. Its
essence is deep cultivation of strips of soil for plant growth
and an unscattered zone between the rows covered with
plant residues. Strip-till and no-till systems are increasingly
being promoted because they lead to carbon sequestration,
especially in the topsoil (Debska et al., 2020; Laufer et al.,
2016; Six et al., 1999). Moreover, as reported by Debska
et al. (2020), the use of strip-till may increase the share of
the carbon fraction of fulvic and humic acids in soil.

The aim of the undertaken research was to investi-
gate the influence of the tillage system (no-till, strip-till,
conventional till) on the stability and distribution of soil
aggregates and to determine the relationship between the
size-classes of soil aggregates and the content and quality
of organic matter in soil.

2. MATERIALS AND METHODS
2.1. Study site

The soil was sampled from an experimental field
with an area of 16.5 ha at the Research and Development
Center in Smielin (53°09'04.0” N; 17°29'10.7" E; 93.8 m
above sea level) in the Kuyavian-Pomeranian Voivodeship
(Poland). In this area, since 2012, three soil tillage methods
have been compared in field experiments: conventional
plow tillage (CT), reduced, non-plowing tillage (RT),
and strip-till one-pass (ST-OP). The study site and field
experiments were described in detail in a previous work
(Jaskulska et al., 2020). The study area lies in a humid con-
tinental climate zone characterized by DFB areas (Peel et
al., 2007). The mean temperature and rainfall level of the
study site are presented in Fig. 1. The assessed soil is Luvisol,
characterized by the mean content of sand (2-0.05 mm),
silt (0.05-0.002 mm), and clay (<0.002 mm) particles as
follows: 48.4, 46.3, and 5.3%. Soil samples were collected
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Fig. 1. Mean air temperature and precipitation in the study area (data from the meteorological observation sequence 1981-2010).

after nine years of cropping in the second half of October
2021 after the corn harvest from each of the 4 blocks of the
experiment from two layers of 0-10 and 10-20 cm.

2.2. Carbon, nitrogen, and humus fractions

In air-dried soil samples and soil aggregates, the con-
tent of total organic carbon (TOC) and total nitrogen (TN)
was determined with a Vario Max CN analyzer provided by
Elementar (Germany). Briefly, the protocol included sam-
ple combustion with oxygen dosing, clearing interfering
gases, separating into adsorption columns, and final assay-
ing with a thermal conductivity detector.

In the soil samples the fractional composition of humus
was assayed based on the carbon and nitrogen fractions
determined in the extracts using a Multi N/C 3100 ana-
lyzer (Analytik, Jena, Germany) according to the method
described by Debska et al. (2020).

The assay of the humus fractional composition was per-
formed according to the following procedure:

— decalcification with 0.05 M HCI (1:10 w/v), 24 h
— carbon (Cd) and nitrogen (Nd) in solutions after decal-
cification;

— extraction of the remaining solid with 0.5 M NaOH
(1:50 w/v) with occasional mixing, 24 h, followed by cen-
trifugation, CHAs+CFAs and NHAs+NFAs — sum of the
carbon of humic and fulvic acids and sum of the nitrogen
of humic and fulvic acids;

— precipitation of humic acids from the resulting alkaline
extract with 2 M HCI to pH = 2 and centrifugation — 24 h;
CFAs and NFAs — carbon and nitrogen of fulvic acids in
solutions.

The C and N content of humic acids (CHAs and NHAs)
and carbon and nitrogen of humins (CH and NH) were cal-
culated according to Egs (1) and (2):

C(N)HAs = C(N)HAs+FAs - C(N)FAs, (1)

%C(N)h =100% - %C(N)HAs - %C(N)FAs - %C(N)d. (2)
The fractional composition was expressed in mg kg™ of

dry matter of soil sample and as % share of respective frac-
tions in the TOC (TN) pool.

2.3. Analysis of soil aggregates

Air dried samples of soil were sieved to separate five
size-classes of macroaggregates: >10, 10-8, 8-5, 5-2,
2-0.75 mm, and the fraction of <0.75 mm. Each aggregate
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fraction was collected individually. On the ground of each
aggregate size-class weight, the aggregate size distribution
(4SD, %) and the mean weight diameter (MWD, mm) were
determined using Eq. (3) and Eq. (4):

ASD = ==L 100
om0 3)
X myd;
MWD = T @

where: m; is the mass of aggregate fraction i, and d; is the
mean diameter of the aggregate fraction i (mm).

The obtained fractions of aggregates were analyzed
for TOC and TN content and stability. TOC and TN were
assayed according to the protocol described in point 2.2.
SAS of each macro-aggregate size-class (>10, 10-8, 8-5,
5-2, 2-0.75 mm) was measured in the wet-sieving appara-
tus (Eijkelkamp 08.13) on 0.25 mm (aggregates <8 mm)
and 2.0 mm screens (aggregates >8 mm). The stability
of soil aggregates was tested in three replicates of ca. 4
g samples. The samples of aggregates were pre-moistened
for 10 min before sieving. Then the sieves were placed in
the sieve holder of the apparatus over cans with distilled
water. Wet sieving was continued for 3 min (1.3 c¢m stroke,
34 oscillations per minute). Soil particles which passed
through the sieve were dried at 105°C and weighed. The
resistant soil material on each sieve was dispersed by 0.1 M
tetrasodium pyrophosphate (Na,P,0;), dried at 105°C, and
weighed. The stable fraction is equal to the weight of mate-
rial obtained in the dispersing solution cans (4) divided by

Table 1. Content of total organic carbon and total nitrogen in
soil (g kg™)

i TOC TN
Tillage Layer TOC/TN
system (cm) (gkg")
oT 0-10 10.41 0.98 10.62
10-20 10.15 0.97 10.46
0-10 14.49 1.29 11.23
ST-OP
10-20 10.63 1.02 11.00
0-10 14.81 1.34 11.05
RT
10-20 10.93 1.03 10.61
I factor CT 10.28 0.973 10.51
tillage ST-OP 12.56 1.16 10.83
system RT 12.89 1.18 10.92
LSD 0.728 0.076 n.s.
1I factor 0-10 13.23 1.20 11.02
layer 10-20 10.58 1.01 10.47
LSD 0.346 0.041 n.s.
Interactions
/11 0.896 0.098 n.s.
/1 0.600 0.071 n.s.
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the sum of weights obtained in the dispersing solution cans
and distilled water cans (B). The mass of Na,P,0, was sub-
tracted from the weight of dried, dispersed soil material.
The soil aggregate stability index (SAS, %) was calculated
according to Eq. (5):

A
SAS = ——
A+ 100 (5)

2.4. Statistical analyses

The obtained results were assessed by two-way anal-
ysis of variance (ANOVA) according to the experimental
design of randomized blocks with two experimental factors
(soil tillage methods and sampling depth). The values of
least significant differences (LSD) were evaluated with the
Tukey test at the 0.05 level. The calculations were made
using Statistica 13 software (Stat Soft Polska).

3. Results and discussion

3.1. Carbon and nitrogen content and fractional composition
of organic matter

The content of TOC and TN in the analyzed soil samples
depended on the cultivation method (factor I) and the depth
of sampling (factor II) — Table 1. The average TOC content
in the soil from the RT and ST-OP plots was significantly
higher (~24%) in comparison to CT. Moreover, in the RT
and ST-OP variants, a significant TOC difference was noted
between layers 0-10 and 10-20 cm. In the 0-10 cm layer, the
TOC content was higher by approximately 36% compared
to the 10-20 cm layer. The content of TN in the soil was sig-
nificantly higher (~20%) in RT and ST-OP in comparison
with the CT variant. Also, in RT and ST-OP, a significant
difference in the TN content was noted between the sam-
pled layers. In the 0-10 cm layer, the TN content was about
28% higher than in the deeper layer (10-20 cm). The TOC
and TN content resulted in TOC/TN ratio values ranging
from 10.46 to 11.23. Regardless of the tillage system and
sampling depth, these differences were not statistically sig-
nificant. In the RT and ST-OP systems, the TOC/TN ratio
was slightly higher in the 0-10 cm layer in comparison to
the 10-20 cm layer. The obtained results confirm previous
research (Debska et al., 2020; Haddaway et al., 2017; Si
et al., 2018; Strickland et al., 2015) proving that reduction
of cultivation intensity increases the organic carbon con-
tent in the soil, especially in its upper layers. Thus, strip-till
may be a cultivation method that, like plowless cultivation,
leads to carbon sequestration. Some authors (Busari et al.,
2015; Friedrich et al., 2011; Laufer et al., 2016; Powlson
et al., 2012) report that the intensity of sequestration may
vary depending on the soil type, rotation, and/or the amount
of post-harvest residues.

The content and composition of organic matter is one
of the basic factors influencing the physical, chemical,
and biological properties of the soil. The humified organic
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matter in soil, which includes humic acids (HAs), fulvic
acids (FAs), and humin (Ch), is considered to be the most
microbially stable reservoir of soil organic matter. One of
the most important parameters and an indicator of “humus
quality” is the ratio of the carbon content of humic acids
to the carbon content of fulvic acids (CHAs/CFAs). The
values of the CHA/CFA ratio change as the humification
process progresses and indicate the potential mobility of
organic carbon in the soil (Cao et al., 2016; Yang et al.,
2004). As reported by some authors (Chantigny, 2003;
Debska et al., 2020; D¢bska et al., 2016, 2012; Kalbitz et
al., 2000; Si et al., 2018), in agricultural soils, the factor
that significantly differentiates the content of humic, fulvic,
and humic acid fractions, especially in the top layer of soil,
are agrotechnical treatments (rotation, fertilization, systems
crops). It is assumed that the CHA/CFA ratio is an indicator
of soil fertility. Higher values of this parameter are charac-
teristic of more fertile soils and soils with a higher carbon
sequestration index (Hayatu et al., 2023).

The fractional composition of organic matter (OM) is
presented in Table 2. Generally, the soil from the ST-OP
and RT plots, compared to CT, was characterized by high-
er content of the following fractions: carbon content after
decalcification (Cd), carbon content of humic acids (CHAS),
and carbon content of fulvic acids (CFAs). In the ST-OP
and RT soil, higher content of the analyzed fractions was
recorded in the 0-10 cm layer compared to the 10-20 cm
fraction. Regardless of the cultivation method, the values of
the CHA/CFA ratio were significantly higher in the 0-10 cm
layer compared to the 10-20 cm layer. However, there were
no significant differences in the value of this ratio between
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the cultivation systems. This indicates that none of the cul-
tivation methods visibly disturbs the balance of the soil
system, which is characteristic in specific habitat conditions
(Debska et al., 2020). The quality of organic matter and
therefore its stability is determined, in addition to the CHA/
CFA ratio, by the share of CHAs, CFAs, and CH fractions
in the TOC pool. As can be seen from the data presented in
Fig. 2a, the shares of the analyzed fractions were general-
ly not determined by the method of cultivation (Factor I).
Only the share of CFAs in the RT variant was statistically
lower compared to the CT variant. In addition, the share of
Cd and CFAs was statistically higher in soil samples taken
from the 10-20 cm layer compared to the 0-10 cm layer.
The highest content of nitrogen after decalcification
(Nd) was recorded in RT and, regardless of the cultivation
system, the soil of the surface layer had higher Nd content
compared to the 10-20 cm layer (Table 2). The content of
nitrogen of humic acids (NHAs) was the highest in the ST-OP
variant, regardless of the sampling depth. The nitrogen con-
tent of fulvic acids (NFAs) in variant CT was significantly
lower compared to the soil in variant RT. The NHA/NFA
ratio values ranged from 1.05 to 1.90 (Table 2). The highest
value of this parameter was obtained for the soil from the
ST-OP plots. Moreover, higher values were recorded for soil
sampled from the surface layer compared to the 10-20 cm
layer. The share of NHAs, NFAs, and NH did not differ
significantly between the cultivation methods (Fig. 2b).
The share of the NHA fraction was higher in soil sam-
ples taken from the 0-10 cm layer than from the 10-20 cm
layer. An inverse relationship was observed for the share

Table 2. Carbon and nitrogen content (mg kg™') in humus fractions

0-10 143.8 1877.2 1731.6 1.08 46.5 159.1 120.5 1.34
T 10-20 150.8 1728.6 1728.8 1.00 41.0 142.5 135.6 1.05
ST-OP 0-10 182.0 2562.1 2170.0 1.17 345 257.7 137.3 1.90

10-20 158.4 1952.1 1825.6 1.08 23.1 173.1 138.7 1.28
RT 0-10 183.9 2542.3 2091.3 1.21 55.7 182.6 139.2 1.30

10-20 173.6 2008.6 1823.5 1.10 43.6 155.6 155.2 1.09
I factor CT 147.3 1802.9 1730.2 1.04 43.8 150.8 128.0 1.19
tillage ST-OP 170.2 2257.2 1997.8 1.12 28.8 215.4 138.0 1.59
system RT 178.7 2275.4 1957.4 1.16 49.6 169.1 147.2 1.19
LSD 26.21 274.1 81.2 n.s. 20.2 54.6 17.5 0.42
1I factor 0-10 169.9 2327.2 1997.6 1.16 45.5 199.8 1323 1.51
layer 10-20 160.9 1896.4 1792.6 1.06 35.9 157.0 143.2 1.14
LSD n.s 208.7 139.3 0.043 4.5 12.5 n.s. 0.14

Interactions

/11 n.s. n.s. n.s. n.s. n.s. 57.7 n.s. n.s
11 n.s. n.s. n.s. n.s. n.s. 12.5 n.s. n.s.
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Fig. 2. Carbon (a) and nitrogen (b) share (%) in humus fractions, different capital letters — significant differences for the cultivation
methods (CT, ST-OP, RT), different small letters — significant differences for the soil layers (0-10 and 10-20 cm), Cd — carbon content
after decalcification, CHAs — carbon content of humic acids, CFAs — carbon content of fulvic acids, CH — humins carbon content, Nd —
nitrogen content after decalcification, NHAs — nitrogen content of humic acids, NFAs — nitrogen content of fulvic acids, NH — humins

nitrogen content.

of NFAs, i.e. a higher share of NFAs was observed in the
soil samples from the 10-20 cm layer compared to the
0-20 cm layer.

3.2. Soil aggregate size distribution

The results of the aggregate size distribution indicate no
significant differences in the plots within the tillage practic-
es as well as the layer of sampling (Fig. 3). Macroaggregates
accounted for the majority of the aggregates (51-56%) in
all the tillage treatments in each soil layer. The contribu-

tion of large macroaggregates (>2 mm) was in the range
of 43-49%, small macroaggregates (2-0.75 mm) ranged
from 7 to 8%, and the fraction <0.75 mm accounted for
44-49%. The tillage treatments affected the amount of large
macroaggregates in the top layer (0-10 cm), while no dif-
ferences were observed in the 10-20 cm layer. The amount
of large macroaggregates (layer 0-10 cm) was higher in
the soil from the ST-OP and RT practices (49 and 48%,
respectively) in comparison to the soil from plots under the
CT treatments (43%); the differences were not statistically
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Fig. 3. Soil aggregate size distribution (4SD) classes (%), different capital letters — significant differences for the cultivation methods,

different small letters — significant differences for the soil layers.

Table 3. Correlation relationships

ASD 548
Parameter
>10 10-8 8-5 52 2075 <075  >10 10-8 8-5 52 2075

Toc. 0.72 0.59 0.83 0.82 0.79 0.79 0.79 0.66 0.61 0.53 0.43
(gkg?)
N

; 0.77 0.53 0.86 0.83 0.72 0.83 0.63 0.50 0.48 - -
(gkg?)
TOC/TN - : . - 0.42 - 0.69 0.65 0.56 0.56 0.54
E;’;S (mg 0.61 - 0.61 0.67 0.67 0.42 0.60 0.67 0.64 0.65 0.60
CFAs (mgkg")  0.63 0.41 0.65 0.70 0.67 0.67 0.44 0.46 0.45 - -
CHA/CFAs - : - - - : 0.56 0.61 0.63 0.69 0.74
NHAs 0.59 - 0.59 - - 0.47 0.46 0.51 0.52 0.58 0.53
(mgkg™)
NHA/NFAs 0.49 0.46 0.52 0.56 0.65 0.64

significant. In the 10-20 cm layer, the contribution of large
macroaggregates was similar within all the analyzed tillage
systems (44-46%).

As shown in the data presented in Table 3, the share of
soil aggregates was significantly correlated with the TOC
content and the content of humic acid fractions (CHAs,
CFAs). These relationships suggest that organic matter is
responsible for the size distribution of aggregates. Some
authors (Blanco-Canqui and Lal, 2004; Bossuyt et al.,
2005; Oades and Waters, 1991) indicate that organic mat-
ter plays a key role in the formation of microaggregates.
These, in turn, combine with each other to form macroag-
gregates. The contribution of particular size-classes of soil
aggregates differ according to the localization of experi-
mental sites. For example, Wang et al. (2019) reported that

microaggregates were the majority of aggregates (dryland,
continental monsoon climate) while on the contrary, other
authors noted the highest contribution of large macroag-
gregates in the soil (Etiophian highland, tropical climate of
rainy and dry seasons (Welemariam et al., 2018), Brazil,
warm tropical climate (Da Silva Rodrigues Pinto er al.,
2022)).

3.3. TOC and TN in soil aggregates

The TOC content in the aggregates was determined by
the cultivation method and depth. Generally, in the 0-10 cm
soil layer, the TOC content in each size-class of macroag-
gregates under ST-OP and RT tillage was higher compared
to CT (Table 4). Furthermore, in the variants ST-OP and RT,
higher TOC content was noted in the top layer (0-10 cm)
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Table 4. TOC content in soil aggregates (g kg™)

P.P. WOJEWODZKI et al.

Tillage Layer Aggregate size-class (mm)
system (cm) >10 10-8 8-5 5-2 2-0.75 <0.75
0-10 11.8 10.5 10.5 11.5 10.9 11.4
T 10-20 11.8 13.1 10.4 10.8 11.8 11.3
0-10 14.2 14.4 14.9 15.3 17.2 153
ST-OP
10-20 11.3 10.3 10.9 12.1 11.3 11.1
RT 0-10 14.2 14.4 14.0 14.6 15.7 16.3
10-20 11.0 10.0 10.1 11.9 12.3 12.0
I factor CT 11.7 11.8 10.4 11.1 11.4 11.4
tillage ST-OP 12.7 12.4 12,9 13.7 143 13.2
system RT 12.6 12.2 12.0 13.3 14.0 14.2
LSD n.s. n.s. 2.3 2.6 n.s. n.s.
1I factor 0-10 13.4 13.1 13.1 13.8 14.6 143
layer 10-20 11.3 11.1 10.5 11.6 11.8 11.5
LSD 1.2 1.6 1.0 0.9 1.4 0.6
Interactions
v n.s. 3.6 2.7 n.s. 3.9 32
1 n.s. 1.6 1.7 n.s. 2.5 1.1

in comparison to the 10-20 cm layer. There was also a sig-
nificant positive correlation between the carbon con-
tent in the aggregates and the overall TOC content in the
soil (Table 5). On the ground of the contribution of indi-
vidual aggregate size-classes and their TOC content, the
share of carbon of each aggregate size-class was calculat-
ed. According to the data presented in Fig. 4, the highest
TOC content was found in the fraction <0.75 mm (45.86-
52.09%) and the lowest share was noted in the 10-8 mm
soil macroaggregate fraction (4.09-4.84%). Aggregates
5-2 mm contained from 16.29 to 19.48% TOC, fraction

0-10 cm 10-20 em 0-10 cm

8-5 mm contained from 8.77 to 10.79% TOC, and frac-
tion 2-0.75 mm had from 7.45 to 8.93% TOC. The TOC
share in the six considered fractions (>10, 10-8, 8-5, 5-2,
2-0.75, <0.75 mm) was closely related to the contribution
of the aggregate size-classes, which was confirmed by sig-
nificantly positive correlations amounting to 0.865, 0.673,
0.856, 0.827, 0.677, and 0.936, respectively. No signifi-
cant correlations were obtained between the share of TOC
and the TOC content in the aggregates, which is a con-
sequence of the similar TOC content in the particular
aggregate size-classes (Table 3). The lack of differences in

10-20 cm

0-10 cm

10-20 cm

T 5T-OP RT

s0il aggregate size class: m>*10mm =10-8 mm

= 8-5 mm 52mm wm2-075mm  m<0.75mm

Fig. 4. TOC share in soil aggregates (%), different capital letters — significant differences for the cultivation methods (factor I: CT,
ST-OP, RT), different small letters — significant differences for the soil layers (factor II: 0-10 and 10-20 cm), interactions between
experimental factors: fraction <0.75: I/I1 6.05, II/I 1.64; fraction 10-8 mm II/I 0.56, other interactions — unsignificant.
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Table 5. TN content in soil aggregates (g kg)
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Tillage Layer Aggregate size-class (mm)
system (cm) > 10 10-8 8-5 5-2 2-0.75 <0.75
or 0-10 1.11 1.08 1.03 1.02 1.02 1.00
10-20 0.94 1.14 0.99 0.98 1.07 1.00
0-10 1.26 1.43 1.00 1.35 1.52 1.41
ST-OP
10-20 0.98 1.02 1.06 1.06 1.03 1.02
0-10 1.22 1.24 1.19 1.30 1.38 1.32
RT 10-20 0.97 0.93 0.95 1.05 1.12 1.06
I factor CT 1.02 1.11 1.01 1.00 1.04 1.00
tillage ST-OP 1.12 1.22 1.03 1.21 1.27 1.22
system RT 1.10 1.08 1.07 1.17 1.25 1.19
LSD n.s. n.s. n.s. n.s. n.s. ns.
1T factor 0-10 1.20 1.25 1.00 1.22 1.30 1.24
layer 10-20 0.96 1.03 1.07 1.03 1.07 1.03
LSD 0.13 0.13 n.s. 0.08 0.15 0.07
Interactions
/11 n.s. 0.42 n.s. 0.28 0.40 0.25
/1 n.s. 0.23 n.s. 0.14 0.26 0.12

the TOC content in the different size-classes of soil aggre-
gates was confirmed by the research conducted by Canalli
et al. (2020). The authors observed changes in the TOC
content only in aggregates sampled from different depths.
They did not demonstrate differences in the TOC content
between aggregate size-classes which is also indicate in
hereby paper.

The TN content in the aggregates is presented in Table 5.
The TN content in the largest soil aggregates (>10 mm) did
not depend on the cultivation system but was significant-
ly higher in the surface layer compared to the 10-20 cm
layer. The TN content in the aggregate fractions 10-8, 5-2,
2-0.75, and <0.75 mm in the ST-OP and RT variants was
significantly higher in the 0-10 cm layer compared to the
10-20 cm layer. The TN content in the ST-OP and RT vari-
ants in the 0-10 cm layer was significantly higher than in
the CT variant. Generally, the TN content in the individ-
ual aggregate size-classes was positively correlated with
the TN content in the initial samples before separation
into aggregates (correlation coefficient values ranged from
0.525 to 0.830). Regardless of the cultivation system, the
highest TN content was found in the fraction <0.75 mm
(46.90-49.68%) and the lowest in the 8-10 mm aggregates
(3.82-4.91%) (Fig. 5). Aggregates 8-5 mm contained from
9.65 to 11.19% TN, fraction 5-2 mm contained from 17.42
to 18.61% of TN, and fraction 2-0.75 mm had from 7.12
to 8.52% TN. The analyzed distribution of TN (analogous-
ly to TOC) in the individual aggregate size-classes was
closely related to the shares of the aggregates, which was
confirmed by the significantly positive correlation rela-

tionships, which amounted to 0.947, 0.884, 0.862, 0.640,
0.670, and 0.939. No significant correlations were obtained
between the share of TN and the TN content in the aggre-
gates, which is a consequence of the similar TN content in
the particular aggregate size-classes (Table 4). The experi-
mental factors: cultivation systems (CT, ST-OP, RT) or the
sampling depth (0-10 and 10-20 cm) did not influence sig-
nificantly the TN share of each analyzed aggregate fraction
(Fig. 5). The obtained results of the TOC and TN content
in the soil aggregates (their similar content) confirm the
results reported by Kholodov et al. (2019), who report that
the properties of macroaggregates do not differ significant-
ly from each other.

3.4. Soil aggregate stability

Regardless of the experimental factors, a general tenden-
cy was observed: the smaller the size-class of soil macro-
aggregates, the higher their stability (Fig. 6). Similarly,
a general relationship was observed: the less inten-
sive the tillage treatments, the higher the stability of all
soil macroaggregates in the top soil layer (0-10 cm),
which is consistent with the results reported by other
authors (Al-Kaisi et al., 2014; Bartlova et al., 2015; Castro
Filho et al., 2002). The effect of using different cultiva-
tion methods on the stability of macroaggregates was
more visible in the 0-10 cm layer than in the 10-20 cm
layer. Comparing the cultivation systems, an increase in the
stability of soil macroaggregates was noted in the 0-10 cm
layer by 27% for ST-OP and 40% for RT, and in the 10-20 cm
layer by 1% for ST-OP and 11% for RT in comparison
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Fig. 5. TN share in soil aggregates (%), different capital letters — significant differences for the cultivation methods (factor I: CT, ST-OP,
RT), different small letters — significant differences for the soil layers (factor II: 0-10 and 10-20 cm), no significant interactions between

experimental factors.
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Fig. 6. Soil aggregate stability index SAS (%), different capital letters — significant differences for the cultivation methods, different

small letters — significant differences for the soil layers.

to CT. The mean SAS of all the macroaggregates was
53.3, 67.6, and 74.7% for CT, ST-OP, an RT in the
0-10 cm layer and 51.8, 52.5, and 57.6%, respectively, in
the 10-20 cm layer. The significant effect of the cultivation
method concerned only the largest size-class of aggregates
(>10 mm) of the top soil layer (0-10 cm). The stability of
these aggregates in the ST-OP and RT systems significantly
increased in comparison to CT. There was no such effect in
the 10-20 cm layer; however, in all the considered macro-

aggregate size-classes in the RT an ST-OP systems, there
was a SAS significant difference between aggregates from
both analyzed soil layers. Furthermore, there was a signifi-
cant interaction between the experimental factors which
affected aggregates >10, 10-8, and 2-0.75 mm.

The other index describing aggregate stability is the
mean weigh diameter (MWD). The MWD mean value in
the 0-10 cm layer was 3.2, 3.6, and 3.5 for the CT, ST-OP,
and RT systems, respectively, and 3.4, 3.4, and 3.2 in the
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10-20 cm layer. The differences were not statistically signifi-
cant. Mikha et al. (2024) indicated that aggregate stability
and MWD indices are significant metrics of soil structural
stability to different degrees, depending on land use and
management decisions. This research also confirmed that
reducing tillage frequency and intensity resulted in a de-
crease in soil fragmentation and enhanced the stability of
soil aggregates.

The data presented in Table 5 indicate a relationship
between the soil aggregate stability index and the quality
of organic matter. Regardless of the macroaggregate size-
class, SAS positively correlated with the TOC content in
the soil, the TOC/TN ratio, content of CHAs and NHAs,
and the values of CHA/CFA and NHA/NFA ratios. The SAS
of the aggregates >10, 10-8, and 8-5 mm also significantly
positively correlated with the carbon content of fulvic acids
(CFAs). Martens (2000) and Bipfubusa ef al. (2008) also
observed the relationship between soil aggregate stabil-
ity and the content of humus fractions — a decrease in the
humus fraction content resulted in a decrease in aggregate
stability. Rezatové et al. (2021) concluded that this relation
is a consequence of the structure of humic substances and
primarily the content of aromatic structures therein. The
role of aromatic structures in developing the stability of soil
aggregates confirmed our results of correlations (Table 5).
The content of humic acids as compounds with a more
extensive aromatic structure than FAs was correlated with
SAS to a greater extent. High (significant) values of SAS
correlation coefficients with the CHA/CFA ratio were also
obtained. The values of correlation coefficients increased
with the decrease in the aggregate size. This indicates that
the smaller the aggregate size, the higher the values of the
CHA/CFA ratio. The organic matter with higher values of
CHASs/CFAs is characteristic for more fertile soils with
a higher degree of humification and therefore greater resist-
ance to its decomposition (Dgbska et al., 2016; Guimaraes
et al., 2013; Yang ef al., 2004). The obtained relationships
indicate that soil with higher values of the CHA/CFA ratio
and higher content of humic acid fractions is characterized
by higher aggregate stability.

As reported by Zibilske and Bradford (2007) and
Williams et al. (2016), strip-till creates favorable con-
ditions for plant growth and yield and, at the same time,
improves soil quality parameters, as presented in this study.

4. CONCLUSIONS

Regardless of the cultivation method, the contribution of
particular size-classes of aggregates in the analyzed Luvisol
was similar — large macroaggregates (>2 mm) 43-49%,
small macroaggregates (2-0.75 mm) 7-8%, and the fraction
<0.75 mm 44-49%. Cultivation systems with reduced till-
age promote development of soil macroaggregates.
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The content of total organic carbon and total nitrogen in
all the analyzed aggregate size-classes was similar and pos-
itively correlated with the overall total organic carbon and
total nitrogen content in the soil. The aggregates from the
0-10 cm layer of ST-OP and RT systems contained signifi-
cantly higher total organic carbon content in comparison to
the deeper layer (10-20 cm). The soil aggregates from the
0-10 cm layer in the ST-OP and RT variants were character-
ized by higher total organic carbon content in comparison
to the soil aggregates from the conventional tillage system.

Regardless of the experimental factors, a general ten-
dency was observed: the smaller the size-class of soil
macroaggregates, the higher their stability. Reduced till-
age is beneficial for creating more stable structures of soil
aggregates, especially in the top soil layer.

The stability of soil aggregates positively correlated
with the total organic carbon content in the soil, humic
acid content, and the CHA/CFA ratio, i.e. parameters
describing soil fertility, organic matter stability, and carbon
sequestration.
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