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INTRODUCTION

At present, agricultural land is being used on a large scale for non-biological purposes. The need to 
protect the soil has therefore become one of the most important tasks of nature conservation worldwide. 
Land take was increased by 2.6 % in the EU‐27 and the UK in the period of 2012–2018, affecting 3,581 
km2 (EEA 2022). The main causes of land take are urbanization, industry, infrastructure construction, 
mining, and quarrying (quarries, gravel pits, landfills). In affected areas, soils are significantly influenced 
by anthropogenic factors, and new soils (characterised usually by lower quality), i.e. anthropogenic and 
urban soils are formed (Burghardt 2011). Changing the use of natural or agricultural land for urban, 
industrial, or mining purposes primarily leads to a deterioration of soil physical properties. Before the 
land use change, usually the measures are taken to prevent the secondary harmful effects of such activit-
ies on the surrounding environment (Sobocká 2003).

Part of the land in Horná Seč, which was used as farmland until 2009, was temporarily used for gravel 
and sand mining, then for transshipment and storage purposes. Therefore, in accordance with Act 
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Abstract
In Slovakia, temporarily taken agricultural land must be reclaimed and used again for crop production (Govern-

ment Decree No. 58/2013). The aim of this study was to reclaim the land degraded by gravel and sand extraction, 
and to ensure that the reclaimed land has similar soil properties to the neighbouring arable land. To determine the 
extent of land reclamation, the morphological, basic physical, and hydro-physical soil properties, soil texture, and 
structure were compared between reclaimed land and the surrounding arable land. The soil properties were ana-
lysed in samples taken from five soil pits, and in four composite samples taken with a soil auger. We classified the 
reclaimed soil as Antrozem recultivated (according to the Slovak Soil Classification) and the adjacent arable (con-
trol) soil as Fluvizem cultivated saturated. The residual soil material obtained by flushing the excavated stony soil 
substrate was used for the land reclamation. The results showed that this material is suitable for soil reclamation, 
because it did not negatively affect the plant growth on the reclaimed land. We recommend using this waste mater-
ial routinely for soil reconstruction/reclamation. One year after starting the reclamation, the differences in soil 
physical properties between the representative Fluvizem cultivated saturated and the Antrozem recultivated were 
negligible, indicating that the reclamation of soil physical properties was complete. Soil structure of the Antrozem 
recultivated showed a slight improvement trend one year after the reclamation. However, it still did not reach the 
level of the Fluvizem cultivated saturated used as a control. Therefore, it is necessary to improve soil structure 
primarily by the supply of organic fertilizers, as organic matter is one of the most important factors for the forma-
tion and stabilisation of soil aggregates.
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soil structure, soil texture

Pedosphere Research, vol. 5, 2025, no. 1: 3–17

Original paper



4

220/2004, it was necessary to remove, store and treat the topsoil horizon so that it could be used for the 
reconstruction of the soil after the end of mining. As the topsoil (A-horizon) was patchily up to 40 cm 
thick, the volume of the removed soil on the 3,800 m2 area was 1,520 m3. The soil-forming substrate of 
the taken land is alluvial gravel, which was extracted and sorted according to its size for various uses in 
the construction industry. The portion of the material with a grain size of less than 1 mm was stockpiled 
as waste. Koziol & Biac (2019) reported that the demand for the fraction below 2 mm in the construction 
industry is limited, and it is often treated as useless (waste) material.

Following Government Decree No. 58/2013, it was necessary to reclaim the temporarily taken high-
quality farmland with an area of 3,800 m2. This paper presents the results of carry out the land reclama-
tion project carried by Slovak Agricultural University Nitra (Polláková 2024) aimed on the land reclam-
ation of Horná Seč area degraded by gravel and sand extraction. The reclamation had to achieve the full 
recovery of the physically degraded land after so that the reclaimed soil would have similar properties as 
the arable land of the adjacent area.

MATERIALS AND METHODS

Study site
The investigated site (48º212´ N and 18º533´ E) has an area of 3800 m2. The site is located in the eastern 

part of the Danube Plain on the left bank of the floodplain of the Hron river at an altitude of 158 meters 
(Fig. 1). 

From a hydrological point of view, the site is part of the Hron catchment. The flat, deforested area con-
sists of a late Tertiary geological formation consisting of Neogene clays, silts, sands and gravels. Its sur-
face was unevenly covered by Holocene fluvial sediments of the Hron river. The depth of the gravel in 
this area varies. The flood silts deposited on it are slightly stratified to a depth of 1 metre and form the 
soil-forming substrate on which the Fluvizems developed (Enviroportál 2025). The study area belongs to 
a warm, very dry lowland climate region with predominantly mild winters (Bochníček 2015). Tab. 1 con-
tains the data on mean temperature and mean annual precipitation.

Figure 1 Orthophoto map of the study area and its surroundings (Source: URL 1)
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Table 1
Average monthly air temperature and average monthly precipitation in Mochovce, 1981–2010 period 

(SHMÚ 2011)

Polláková (2024) proposed a methodology for the reclamation and revitalisation of soils damaged by 
gravel and sand mining. This methodology is based on knowledge gained during a field inspection, in-
formation from mining company employees, study literature, and laboratory analysis of collected soil 
samples. A brief characterization of this procedure is following. After marking the site boundary (3800 
m2), the excavation and removal of scarp gravel was done (Fig. 2) from a layer 0–80 cm thick (scarp 
gravel previously served as a base for operating the machinery and storing the excavated gravel). The 
resulting depression with compacted original soil parent material (Fig. 3) was treated by disking. Finally, 
the fine-grained soil material gained by washing the excavated gravel was placed into the depression and 
evenly spread (creating Cy horizon). 

Figure 2 The scarp gravel layer before its removal

Month I II III IV V VI VII VIII IX X XI XII Year 
Temperature 
[°C] -1.4 0.3 4.5 10.5 15.3 18.0 20.3 19.8 15.1 9.8 4.3 -0.4 9.7

Precipitation 
[mm] 39.9 33.8 35.5 43.7 68.5 68.5 58.1 63.4 46.5 44.5 54.0 50.0 606
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The original stockpiled topsoil with a volume of 1,520 m3 was then brought and evenly distributed, lev-
elled, and loosened (Fig. 4). The subsequent biological part of the reclamation consisted of the addition 
of organic and mineral fertilizers, microbial preparations, sowing a legume-cereal mixture, and corres-
ponding maintenance of the vegetation.

Soil sampling and analyses
The first soil sampling on the recultivated plot was carried out on 12 April 2024, one month after phys-

ical reclamation but before the start of the biological reclamation. Three soil pits were dug. Soil Pit 1 (P1) 
presented at Figure 5 and Soil Pit 2 (P2) on the recultivated plot were classified as Antrozem (Societas 
pedologica slovaca & VÚPOP 2014) or Regosol Relocatic (IUSS Working Group WRB 2015), and con-
trol Soil Pit 3 (P3) on the neighbouring plot used as arable land was classified as Fluvizem (Societas pe-
dologica slovaca & VÚPOP 2014). Immediately after the pits were dug, a standard description of the 
morphological characteristics was made on site. Soil samples were then taken to determine the physical, 
chemical, and biological properties.

Figure 4 Physically reconstructed Antrozem recultivated

Figure 3 Depression created after the removal of a scarp gravel layer, the bottom of 
which represents the compacted original soil-forming substrate
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To exclude the possible spatial variability, the soil structure as well as the chemical and biological prop-
erties were determined not only in soil pits but also in two composite samples taken with a soil auger. 
Composite A (CA) is a composite sample representing Antrozem, and Composite F (CF) is a composite 
sample representing Fluvizem. The composite samples were created by combining 5 subsamples.

To determine the basic physical properties, undisturbed soil samples (100 cm3) were taken with steel 
cylinders in 10 cm layers in three replicates. The following properties were determined in the laboratory 
using standard methods: soil texture, particle density, bulk density, porosity, and hydro-physical proper-
ties (Hrivňáková et al. 2011). The textural composition was determined for each soil layer (horizon) of 
the reclaimed soil using the pipette method (Hrivňáková et al. 2011). The fraction <0.001 mm was con-
verted to <0.002 mm using the relationship: y = 1.1503 x + 2.3676 (R2 = 0.9748) given by Němeček et al.
(2011), where: x – % of particles <0.001 mm, y – % of particles <0.002 mm. The soil texture was assessed 
using the USDA triangle, where the sand fraction was 2–0.05 mm, silt 0.05–0.002 mm, and clay <0.002 
mm (Societas pedologica slovaca & VÚPOP 2014). A further assessment evaluation was made using the 
Novák classification system based on the proportion of the fraction <0.01 mm (Zaujec et al. 2009). To 
determine the soil structure according to the Baksheev method (Vadjunina & Korchagina 1986), samples 
were taken from the 0–20 cm layer from the soil pits and also as composite samples.

The control sampling in spring was carried out on 4 April 2025 at the same locations as the excavation 
of Soil Pits 1 and 2, and the collection of the composite samples. Soil samples were taken to determine 
the physical properties: aggregate composition, particle density, bulk density, porosity, and hydro-phys-
ical properties. 

Statistical analyses
One-way analysis of variance was used for the statistical analysis, and the differences between the vari-

ants (Antrozem and Fluvizem) were evaluated using the Tukey test with a minimum significance level of 
P ≤ 0.05. 

RESULTS AND DISCUSSION

One month after completing the physical remediation, but before starting the biological remediation, 
we carried out the first soil sampling (12 April 2024) and analysis. In three soil pits, we characterized the 
morphological properties of the profiles to determine differences and similarities between the anthropo-
genically reconstructed soil and the control Fluvizem, which has developed naturally but has been an-
thropogenically influenced by cultivation.

Stratigraphy and morphological features of the soil profiles
The P1 and P2 were dug on a reclaimed area classified as Antrozem recultivated (Societas pedologica 

slovaca & VÚPOP 2014). The substrate horizon Cy consists of anthropogenically transferred residual soil 
material (with a particle size of less than 1 mm) obtained by flushing the excavated gravel. According to 
the new classification of anthropogenically transported and altered material (Sobocká & Saksa 2022, 
2024) the residual soil can be classified as sand (ap1) and loam (ap2). The topsoil was reconstructed from 
the original topsoil horizon, which was temporarily set aside. At the time when the soil pits were excav-
ated, the Antrozem was devoid of vegetation.

P3 was dug on adjacent arable land, which was classified as Fluvizem cultivated saturated (Societas pe-
dologica slovaca & VÚPOP 2014) and it represented the original characteristics of the reclaimed farm-
land. The soil-forming substrate is alluvial sediments from the river Hron. At the time of digging the pit, 
the soil was covered with pea growth in the emergence phase (3–4 true leaves). The relief of the site was 
flat alluvial plain of the river Hron at altitude of 158 m above sea level. Groundwater level is seasonally 
fluctuating between 1 and 3 m.

Morphological description of P1:
Plant cover: none
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Soil subtype: Antrozem recultivated (Societas pedologica slovaca & VÚPOP 2014) or Regosol Relocatic 
(WRB 2015).

Adr horizon (0–28 cm): dark greyish brown (10YR 4/2), no mottles, moist, loose, loam, no gravel, gran-
ular to angular structure, no carbonates, no roots,

Cy horizon (28–80 cm): yellowish brown (10YR 5/4), no mottles, moist, crumbly, sandy loam, no 
gravel, massive, no carbonates, no roots,

C horizon (> 80 cm): dark yellowish brown (10YR 4/4), moist, clay-loam, no gravel, massive, no car-
bonates, weak redox mottles, no roots. It is the remnant of the original Fluvizem cultivated 
saturated before it´s taking for non-biological purposes.

Abbreviations: Adr – anthropogenically recultivated topsoil horizon, Cy – anthropogenic parent ma-
terial – residual soil material obtained by flushing the excavated gravel with a particle size of less than 1 
mm, without artefacts, C – natural parent material (remnant of the original cultivated Fluvizem before 
its removal).

Morphological description of P2:
Plant cover: none
Soil subtype: Antrozem recultivated (Societas pedologica slovaca & VÚPOP 2014) or Regosol Relocatic 

(IUSS Working Group WRB 2015).
Adr horizon (0–30 cm): dark greyish brown (10YR 4/2), no mottles, moist, loose, loam, no gravel, gran-

ularangular structure, no carbonates, no roots,

Figure 5 Antrozem recultivated (P1)
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Cy horizon (30–70 cm): yellowish brown (10YR 5/4), no mottles, moist, crumbly, sandy loam, no 
gravel, massive, no carbonates, no roots,

C horizon (> 70 cm): dark yellowish brown (10YR 4/4), moist, clay loam, no gravel, massive, weak 
redox mottles, no carbonates, no roots. It is the remnant of the original Fluvizem (cultivated, 
saturated) before it´s taking for non-biological purposes.

Morphological description of P3:
Plant cover: peas
Soil subtype: Fluvizem cultivated saturated (Societas pedologica slovaca & VÚPOP 2014), or Eutric 

Fluvisol Aric (WRB 2015).
Akp horizon (0–30 cm): dark greyish brown (10YR 4/2), no mottles, moist, loose, loam, no gravel, 

granular, no carbonates, slightly penetrated by roots, crushed straw in a depth of 0–10 cm,
A/C horizon (30–52 cm), dark yellowish brown (10YR 4/4), moist, crumbly, loam, no gravel, granular-

angular, slightly calcareous, slightly penetrated by roots, 
C horizon (> 52 cm), dark yellowish brown (10YR 4/6), moist, loam, no gravel, weak redox mottles, no 

carbonates, no roots.
Abbreviations: Akp – topsoil, A/C – transition horizon, C – soil-forming substrate
The morphological descriptions of investigated soil profiles showed similar and different properties 

between the Antrozem recultivated and Fluvizem cultivated saturated. The Adr and Akp surface hori-
zons showed the same morphological characteristics, i.e. the original Akp horizon was used to recon-
struct the topsoil of Antrozem recultivated. The subsurface horizons were different, as the Cy horizon in 
the Antrozem was created from man-brought residual soil material obtained by flushing the excavated 
gravel. The C horizon, i.e. the soil parent material, had similar characteristics in the Antrozem and Flu-
vizem except for the textural composition. However, the Fluvizems are characterized by a high variability 
of properties, as the river deposits have varying thickness and texture (Bielek & Šurina 2000). 

Textural composition of soil profiles
The size distribution of mineral soil particles (texture) is one of the key soil characteristics. It is critical 

for the formation of soil properties, and for the land management as (tillage, fertilisation, crop cultiva-
tion, and soil remediation measures). Textural composition directly affects the physical and technolo-
gical properties of the soil, as it influences the water, air, and heat balance of the soil, the ability to form 
structural aggregates, erodibility, eluviation and illuviation processes, the penetration and development 
of plant roots, the chemical and physico-chemical properties of the soil, etc. (Bedrna et al. 1968, Zaujec 
et al. 2009).

Tab. 2 shows the granulometry and Tab. 3 the assessment of the grain size ranges of the Antrozem re-
cultivated and Fluvizem cultivated saturated.
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Table 2 
Granulometry of the Antrozem recultivated and Fluvizem cultivated saturated

Table 3 
Texture of the Antrozem recultivated and Fluvizem cultivated saturated 

The topsoil A horizon, which is the most important from a production point of view, showed a similar 
size distribution of mineral soil particles in the Antrozem recultivated as in the representative Fluvizem 
cultivated saturated (Tabs. 2 and 3). A similar textural composition is a prerequisite for achieving the 
same yield potential (Zaujec et al. 2009) in an anthropogenically reconstructed soil as in the neighbour-
ing Fluvizem cultivated saturated. Fluvizem also had a silt loam texture in deeper horizons, while An-
trozem had a Cy horizon reconstructed from natural, anthropogenically transported material sandy 
loam, and a C horizon, i.e., the remnant of the original natural soil parent material silty clay loam. We 
assume that the Cy horizon (with up to 52 % sand) was partially mixed into the superficial Adr horizon 
during the relocation and manipulation with the soil material, which may have slightly affected the tex-
tural composition of Adr horizon of Antrozem recultivated compared to Fluvizem cultivated saturated. 
On the other hand, the residual soil material obtained by flushing the excavated gravel (particle size < 1 
mm) proved to be suitable for subsoil reconstruction, as it did not affect plant growth on the reclaimed 
area. We recommend the routine use of such waste material for soil reclamation and reconstruction.

Horizon Depth
[cm]

Classif. by 
<0.01 mm 

Textural fractions [%]
Classif. by

Δ
sand

2-0.05 
[mm]

silt
0.05-0.002 

[mm]

clay
<0.002 
[mm]

<0.01 
[mm]

Antrozem recultivated
Adr 0–30 H 32.0 47.2 20.8 30.8 sh
Cy 30–80 PH 51.7 34.8 13.4 24.0 sp
C > 80 IH  5.9 66.2 27.8 47.9 ssi

Fluvizem cultivated saturated (Koreň 2023)
Akp 0–30 H 25.0 56.0 19.0 40.8 ssh
A/C 30–52 H 15.5 62.4 22.1 42.3 ssh
C > 52 H 14.1 60.9 24.9 42.0 ssh
Abbreviations: as in Table 2
sh – loam, sp – sandy loam, ssi – silty clay loam, ssh – silt loam, H – loam, PH – sandy loam, IH – clay loam

Horizon Depth
[cm]

Grain fractions [%]
>0.25 mm 0.05–0.25 mm 0.01–0.05 mm 0.001–0.01 mm <0.001 mm

Antrozem recultivated
Adr 0–30 2.08 29.92 33.81 18.17 16.01
Cy 30–80 2.86 48.87 24.30 14.34  9.63
C > 80 0.81  5.13 46.13 25.81 22.12

Fluvizem cultivated saturated (Koreň 2023)
Akp 0–30 4.25 20.73 34.22 26.36 14.45
A/C 30–52 1.47 14.02 42.18 25.17 17.16
C > 52 2.16 11.96 43.84 22.42 19.62
Abbreviations: Adr – anthropogenically recultivated humus horizon, Cy – substrate-residual soil material obtained by 
flushing the excavated gravel with a particle size of less than 1 mm, without artefacts, C – soil parent material, Akp – topsoil, 
A/C – transition horizon
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Basic physical and hydro-physical properties of soil profiles
The depth incremental sampling (by 10 cm increments) were done for determining the basic physical 

and hydro-physical properties. The samples were taken in April 2024 and April 2025, and the results of 
the analyses are shown in Tables 4 and 5. 

The results showed that one month after the physical reclamation (April 2024), the Antrozem recultiv-
ated was not yet sufficiently settled and was characterized by a distinctly lower bulk density (rd), a higher 
total porosity (PT) and, in particular, a higher non-capillary porosity (PN) and a higher air-filled porosity 
(VA) as compared to the representative Fluvizem cultivated saturated (Tab. 4).

Table 4 
Basic physical and hydro-physical properties of Antrozem recultivated (P124 and P224) and Fluvizem 

cultivated saturated (P3) in April 2024

Depth
[cm]

ρs ρd PT PN PS PC ΘCMC ΘRC Θ VAM VA

[t m-3] [%]
P124 (Antrozem recultivated)

0–10 2.58 1.17 54.9 10.9 5.6 38.3 41.8 38.3 32.3 22.6 13.0
10–20 2.53 1.19 52.9 9.8 4.9 38.3 41.2 38.3 34.8 18.2 11.7
20–30 2.57 1.31 49.1 5.4 2.7 41.0 42.8 41.0 39.2 9.9 6.3
30–40 2.57 1.41 45.1 0.5 1.1 43.5 44.2 43.5 43.4 1.7 0.9
40–50 2.60 1.37 47.1 2.3 1.5 43.3 44.1 43.3 43.2 3.9 3.0
50–60 2.57 1.41 45.4 1.5 1.1 42.8 43.4 42.8 43.1 2.3 2.0
60–70 2.57 1.40 45.5 1.7 1.0 42.8 43.4 42.8 43.2 2.3 2.1
70–80 2.60 1.38 46.8 3.8 1.3 41.8 42.5 41.8 42.1 4.8 4.3

P224 (Antrozem recultivated)
0–10 2.55 1.16 54.4 9.9 7.0 37.5 41.8 37.5 26.3 28.1 12.6
10–20 2.56 1.20 53.2 9.3 5.9 37.9 41.6 37.9 30.0 23.2 11.6
20–30 2.58 1.23 52.4 8.5 5.5 38.4 42.5 38.4 31.1 21.3 9.9
30–40 2.59 1.45 44.1 1.6 0.8 41.8 42.3 41.8 41.2 3.0 1.8

P3 (Fluvizem cultivated saturated)
0–10 2.56 1.22 52.5 10.1 4.0 38.5 41.0 38.5 28.5 24.0 11.5
10–20 2.55 1.39 45.4 5.1 1.9 38.5 39.4 38.5 36.2 9.2 6.0
20–30 2.57 1.44 44.1 3.4 2.1 38.6 39.8 38.6 35.7 8.4 4.3
30–40 2.56 1.28 50.0 7.1 2.1 40.7 41.8 40.7 37.7 12.3 8.2
40–50 2.57 1.31 48.8 5.1 2.6 41.1 43.0 41.1 39.0 9.8 7.7
50–60 2.58 1.37 46.9 4.3 1.8 40.8 39.6 40.8 40.1 6.8 6.1
Abbreviations: ρs – particle density (t m-3), ρd – bulk density dry (t m-3), PT – total porosity, PN – non-capillary pores, PS – 
semi-capillary pores, PC – capillary pores, ΘCMC – maximal capillary water capacity, ΘRC – retention water capacity, Θ – soil 
moisture, VAM – soil aeration, VA – air-filled porosity
Exceeded critical soil compaction limit values (PT, VA, ΘCMC) are marked in italics.
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Table 5 
Basic physical and hydrophysical properties of Antrozem recultivated (P125 and P225) in April 2025

After a year of exposure to the development involving a number of natural and anthropogenic processes 
such as gravity impact on soil mass, rainfall and slaking soil aggregates by infiltrating water, the pressure of 
the agricultural mechanisms, and biological reclamation by the roots of the mixed legume-cereal growth, 
the newly formed Antrozem recultivated settled. The settlement was reflected by a slight change in the basic 
physical and hydro-physical properties. As compared to the initial state (April 2024), in 2025 the bulk dens-
ity has increased slightly, the porosity has decreased, especially the volume of the macropores (PN), which 
are reduced mainly by natural settling, but also by tillage (Bedrna et al. 1989, Fulajtár 2006, Kotorová et al.
2018, Mondal & Chakraborty 2022). In Antrozem, the air-filled porosity also decreased slightly in 2025 as 
compared to the VA determined in 2024 and exceeded the critical value <10 % (Fulajtár 2006) in all layers 
of both profiles (Tables 4 and 5). The effects of the agricultural machinery on the soil were also evident in 
a slight compaction of the 10–20 cm layer of Antrozem recultivated and the 20–30 cm layer of Fluvizem 
cultivated saturated. In the compacted layers, the porosity was below the critical value limiting plant growth 
in loamy soils (<45 %) (Fulajtár 2006). The bulk density values did not confirm the compaction, as they did 
not exceed the limit of 1.45 t.m-3. The critical value of maximal capillary water capacity ΘCMC) >35 % (Fula-
jtár 2006) was exceeded at all depths of the analysed soil profiles (Tables 4 and 5).

Overall assessment of the soil physical status showed that the differences in soil physical and hydro-
physical properties between the representative Fluvizem cultivated saturated and the naturally settled 
Antrozem recultivated were negligible, indicating that the reclamation of the soil physical properties was 
successfully completed already one year after the reclamation began.

Soil structure
Soil particles rarely occur in soil as isolated and separated. Instead, they form larger or smaller clusters 

called structural aggregates (Kutílek 1978). Soil structure is the relative arrangement of particles and 
pores and significantly influences key soil functions. Soil organic matter (SOM) is an important factor 
influencing the stability of structural aggregates, which increases with increasing SOM content (Tindsall 
& Oades 1982, Šimanský et al. 2008, Tobiašová 2011, van Dael et al. 2025). We assessed the structural 
composition in the 0–20 cm layer. Tab. 6 shows the proportion of the structural aggregates determined 
by dry sieving. 

Depth
[cm]

ρs ρd PT PN PS PC ΘCMC ΘRC Θ VAM VA

[t m-3] [%]
P125 (Antrozem recultivated)

0–10 2.57 1.35 47.5 7.4 2.1 38.1 39.5 38.1 37.1 10.4 8.0
10–20 2.56 1.41 44.9 3.8 1.6 39.5 40.5 39.5 39.0 5.9 4.4
20–30 2.57 1.37 46.7 7.0 1.8 37.8 39.1 37.8 36.9 9.8 7.6
30–40 2.57 1.39 45.9 0.4 0.9 44.6 45.2 44.6 44.1 1.8 0.8
40–50 2.57 1.43 44.6 0.7 1.0 42.9 43.6 42.9 42.6 2.0 1.0
50–60 2.58 1.43 44.5 2.4 1.0 41.1 41.7 41.1 40.2 4.3 2.8

P225 (Antrozem recultivated)
0–10 2.56 1.27 50.4 7.3 2.9 40.1 42.2 40.1 37.9 12.4 8.1
10–20 2.56 1.45 43.2 2.1 1.2 39.9 40.7 39.9 38.9 4.3 2.5
20–30 2.57 1.36 47.0 6.3 5.3 35.4 38.7 35.4 35.4 11.7 8.3
30–40 2.56 1.32 48.4 7.3 6.1 35.0 38.4 35.0 35.3 13.0 9.9
Abbreviations: as in Table 4
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Table 6 
Proportion of the structural aggregates determined by dry sieving in the layer 0–20 cm

The results from 2024 show a less favourable structural condition in Antrozem recultivated, as it has a 
statistically significantly higher proportion of microaggregates (< 0.25 mm) compared to Fluvizem cul-
tivated (Tab. 8). This less favourable condition was confirmed by significantly lower values of the mean 
weight diameter of structural aggregates dray (MWDd) and higher Revut structural coefficient (KR) val-
ues in Antrozem recultivated compared to Fluvizem. One year after the physical but mainly biological 
reclamation (year 2025), there was a slight improvement in soil structure (increase in MWDd and de-
crease in KR); however, the structural state of the control Fluvizem cultivated saturated was not reached. 
Added organic fertilizers, plant residues, root exudates, and microbial exudates are important factors for 
the natural formation of soil structure (Six et al. 2004, Spohn & Giani 2010, Šimanský & Juriga 2024).

A more important parameter than the aggregate composition determined under dry conditions is the 
proportion of water-resistant macroaggregates, because water resistance is the ability of the aggregate to 
resist disintegration caused by the action of water. Physico-chemical processes play an important role in 
the formation of soil aggregates. The most important of these is the irreversible coagulation of organic 
and mineral colloids by the action of exchangeable cations, mainly calcium. The irreversible coagulation 
of colloids creates a water-resistant structure with favourable agronomic properties (Zaujec et al. 2009).

The formation of water-resistant aggregates is an important process in soil formation, as it significantly 
influences a number of soil properties, including aeration, infiltration and soil erodibility. Table 7 shows 
the proportion of water-resistant aggregates determined by sieving in water. The less favourable struc-
tural condition in Antrozem recultivated in 2024 is documented by a distinctly lower proportion of wa-
ter-resistant macroaggregates (> 0.25 mm) and thus a higher proportion of microaggregates (< 0.25 mm) 
than in Fluvizem cultivated saturated (Tab. 8). The poorer soil structure in Antrozem as compared to 
Fluvizem was also reflected in statistically significantly lower values of the mean weight diameter of wa-
ter-resistant aggregates (MWDw) and insignificantly lower values of the stability index of water-resistant 
aggregates (SW), as well as higher values of the vulnerability coefficient of macroaggregates (KV).

Site
Structural aggregates fractions determined by dry sieving [%]

MWDd KR>7
mm

5–7
mm

5–3
mm

3–1
mm

1–0.5
mm

0.5–0.25
mm

<0.25
mm

Antrozem recultivated, year 2024
P124 12.8 10.9 12.4 31.2 14.9  8.5  9.5 1.62 3.50
P224  9.4  8.6 10.7 29.7 15.7 10.6 15.4 1.34 3.03
CA24 19.5 11.8 12.7 29.2 12.6  6.9  7.6  2.02 2.70

Antrozem recultivated, year 2025
P125 23.7 13.9 16.6 30.2 8.5 3.0 4.2 2.28 2.59
P225 25.7 20.0 17.6 25.4 5.8 2.1 3.5 2.52 2.43
CA25 25.8 17.9 17.7 27.8 5.6 1.9 3.3 2.49 2.44

Fluvizem cultivated saturated, control 
P3 39.2 11.8 11.0 21.2 8.0 3.9 5.0 2.80 1.27
CF 42.2 12.9 11.3 19.8 7.0 3.2 3.6 4.18 2.44
CF1 40.6 12.3 10.5 20.9 6.8 5.2 3.6 4.03 1.25
Abbreviations: MWDd – mean weight diameter of structural aggregates dry, KR – Revut structural coefficient
P124, P224, CA24 – Antrozem recultivated, year 2024
P125, P225, CA25 – Antrozem recultivated, year 2025
P3, CF, CF1 – Fluvizem cultivated saturated, control/representative soil
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Table 7 
Proportion of the water-resistant aggregates determined by wet sieving in the layer 0–20 cm

Table 8 
Statistical analysis of soil structure parameters in Antrozem recultivated and Fluvizem cultivated 

saturated evaluated with the Tukey test

Both the structure and the water resistance of the macroaggregates in Antrozem showed a slight im-
provement trend one year after the start of reclamation, especially biological one (2025) (Tab. 7). This 
was reflected by an insignificant decrease in the proportion of microaggregates (< 0.25 mm) and an in-
crease in SW (Tab. 8) as compared to 2024 and the control Fluvizem. However, the significantly lower 
MWDw values and the higher KV values in Antrozem as compared to Fluvizem cultivated saturated in-
dicate that the soil structure in Antrozem recultivated still needs to be improved. From an agronomic 
point of view, the soil structure can be improved primarily by increasing the supply of organic fertilizers 
and incorporating crop residues and green manure into the soil, since, as already mentioned, organic 
matter is one of the most important factors for the formation and stabilisation of aggregates.

Site <0.25 
mm dry MWDd KR

<0.25 
mm wet MWDw KV SW

Antrozem 2024 10.8 b 1.66 a 3.08 b 15.1 a 0.76 a 2.17 a 1.21 a
Antrozem 2025 3.67 a 2.43 a 2.49 ab 9.00 a 0.83 a 2.92 a 1.30 a
Fluvizem (control) 4.07 a 3.67 b 1.65 a 8.82 a 1.78 b 2.06 a 1.31 a
P-value 0.0183 0.0065 0.0250 0.1216 0.0000 0.0454 0.1374
HSD 0.05 ± 6.03 ± 1.22 ± 1.15 ± 8.91 ± 0.198 ± 0.878 ± 0,143

14

Site

Water-resistant aggregates fractions determined by wet sieving 
[%]

MWDw KV SW>5
mm

5–3
mm

3–2
mm

2–1
mm

1–0.5
mm

0.5–0.25
mm

<0.25
mm

Antrozem recultivated, year 2024
P124  1.6  2.7  7.0 12.3 36.8 18.1 21.6 0.65 2.49 1.11
P224  1.3  3.6 10.5 23.4 39.3 10.9 11.1 0.84 1.60 1.26
CA24  2.0  2.9  8.4 21.5 42.5 10.2 12.7 0.78 2.43 1.25

Antrozem recultivated, year 2025
P125 1.8 4.5 7.6 14.4 50.0 10.4 11.3 0.80 2.87 1.26
P225 2.5 3.4 9.5 21.3 41.8 14.7  6.7 0.88 2.87 1.33
CA25 2.3 2.7 8.7 17.8 50.6  8.9  9.0 0.82 3.03 1.30

Fluvizem cultivated saturated, control 
P3 12.1 16.0 16.8 10.5 27.5 7.4 9.8 1.68 1.67 1.28
CF 15.0 19.4 18.3 9.8 20.9 8.4 8.2 1.85 2.26 1.29
CF1 14.8 15.0 18.4 9.6 23.6 10.1 8.5 1.80 2.24 1.35
Abbreviations: the same as in Table 6
MWDw – mean weight diameter of water-resistant aggregates wet, KV – vulnerability coefficient of macroaggregates, SW – 
stability index
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CONCLUSIONS

We classified the reclaimed soil as Antrozem recultivated (Societas pedologica slovaca & VÚPOP 
2014), and as Regosol Relocatic (WRB 2015), and the adjacent cultivated soil as Fluvizem cultivated sat-
urated (Societas pedologica slovaca & VÚPOP 2014), and as Eutric Fluvisol Aric (WRB 2015).

Obtained results confirmed that the Adr and Akp topsoil horizons had the same morphological char-
acteristics and also a similar textural composition, which means that the original Akp horizon was used 
to reconstruct the topsoil of Antrozem recultivated.

The residual soil material obtained by flushing the excavated stony soil substrate has proven to be suit-
able for subsoil reconstruction as it has not negatively affected plant growth on the reclaimed land. We 
recommend using this waste material routinely for soil reconstruction/reclamation.

One year after the start of reclamation, the differences in soil physical and hydro-physical properties 
between the representative Fluvizem cultivated saturated and the naturally settled Antrozem recultivated 
were negligible, indicating that the reclamation of soil physical properties was successfully completed.

Both the structure and the water resistance of the macroaggregates of Antrozem recultivated showed a 
slight improvement trend one year after the start of reclamation, particularly biological one. However, it 
still did not reach the level of the control Fluvizem cultivated saturated. Therefore, it is necessary to im-
prove the soil structure primarily by increasing the supply of organic fertilizers, because organic matter 
is one of the most important factors for the formation and stabilisation of soil aggregates.

ACKNOWLEDGEMENT

The article was published thanks to grant VEGA 1/0532/24 of the Scientific grant agency of Ministry of 
Education, Research, Development and Youth of the Slovak Republic.

REFERENCES

Bedrna, Z., Fulajtár, E., Zrubec, F., Juráni, B. (1989). Pôdne režimy. (Soil regimes). Bratislava: Veda, 224p. 
(in Slovak).

Bedrna, Z., Hraško, J., Sotáková, S. (1968). Poľnohospodárske pôdoznalectvo. (Agricultural soil science). 
Bratislava: Slovenské vydavateľstvo pôdohospodárskej literatúry, 363p. (in Slovak).

Bielek, P., Šurina, B. (2000). Malý atlas pôd Slovenska. (Small atlas of Slovak soils). Bratislava: VÚPOP, 
36p. (in Slovak).

Bochníček, O. (2015). Klimatický atlas Slovenska. (Climate Atlas of Slovakia). Bratislava: Slovenský hy-
drometeorologický ústav, 132p. (in Slovak).

Burghardt, W. (2011). Soil sealing – looser by economic players. Needs and ways of the Implementation 
in the European Strategy for Soil Protection. In Tóth, G. & Németh, T. (Ed.). Land quality and land use 
information in the European Union. 26–27 May 2011. Keszthely, Hungary: Ministry of rural develop-
ment, pp. 151–170.

Christensen, B.T. (2001). Physical fraction of soil and structural and functional complexity in organic 
matter turnover. European Journal of Soil Science, vol. 52(3): 345–353. https://doi.org/10.1046/j.1365-
2389.2001.00417.x.

van Dael, T., Verwerft, Q., Smolders, E. (2025). The soil structural stability determined by the QuantiS-
lakeTest: Linkage with soil porosity, water-stable aggregate fractions and soil chemical properties. Geo-
derma, vol. 457, https://doi.org/10.1016/j.geoderma.2025.117281.

EEA (2022). Land take and land degradation in functional urban areas. European Environment Agency.
Luxembourg: Publications Office of the European Union, 73p.

Enviroportál (2025). Atlas krajiny Slovenskej republiky. (Atlas of the Slovak Republic). [online] Enviro-
portál. Available at: https://app.sazp.sk/atlassr/ [Accessed 16 June. 2025]. (in Slovak).

Fulajtár, E. (2006). Fyzikálne vlastnosti pôdy. (Physical properties of soil). Bratislava: Výskumný ústav 
pôdoznalectva a ochrany pôdy. 142p. (in Slovak).

Pedosphere Research, Vol. 5, 2025, No. 1: 3–17

Original Paper



16

Hrivňáková, K., Makovníková, J., Barančíková, G., Bezák, P., Bezáková, Z., Dodok, R., Grečo, V., Chlpík, 
J., Kobza, J., Lištjak, M., Mališ, J., Píš, V., Schlosserová, J., Slávik, O., Styk, J., Širáň, M. (2011). Jednotné 
pracovné postupy rozborov pôd. (Unified methods of soil analyses). Bratislava: Soil Science and Conser-
vation Research Institute, 136p. (in Slovak).

Koreň, J. (2023). Pedologický prieskum záujmovej lokality. (Pedological survey of the site of interest). Brat-
islava: NPPC-VUPOP. 17p. (in Slovak).

Kotorová, D., Kováč, L., Jakubová J., Balla, P. (2018). The long-term different tillage and its effect on phys-
ical properties of heavy soils. Acta fytotechnica et zootechnica, vol. 21(3): 100–107. https://doi.org/
10.15414/afz.2018.21.03.100-107.

Koziol, W., Baic, I. (2019). Extraction, Production and Consumption of Gravel and Sand Aggregates in 
Poland an Attempt to Assess National and Regional Balances. IOP Conf. Series: Materials Science and 
Engineering, vol. 641, 012033. https://doi.org/10.1088/1757-899X/641/1/012033.

Kutílek, M. (1978). Vodohospodářska pedologie. Praha: SNTL/ALFA, 295 p. (in Czech).
Mondal, S., Chakraborty, D. (2022). Global meta-analysis suggests that no-tillage favourably changes soil 

structure and porosity. Geoderma, vol. 405, 115443. https://doi.org/10.1016/j.geoderma.2021.115443.
Nariadenie vlády 58/2013. Nariadenie vlády 58/2013 Z. z. Slovenskej republiky o odvodoch za odňatie a 

neoprávnený záber poľnohospodárskej pôdy. (Government Decree 58/2013. Government Decree 
58/2013 Coll. of the Slovak Republic on levies for the withdrawal and unauthorized occupation of agri-
cultural land). Bratislava: Ministerstvo spravodlivosti SR. (in Slovak).

Němeček, J., Muhlhanselová, M., Macků, J., Vokoun, J., Vavříček, D., Novák, P. (2011). Taxonomický 
klasifikační systém půd České republiky. (Taxonomic classification system of soils of the Czech Repub-
lic). 2. upravené vyd. Praha: ČZU, 94 p. (in Czech).

Polláková, N. (2024). Spätná rekultivácia poľnohospodárskej pôdy po ťažbe štrku na parcele firmy Anteco, 
s.r.o. v katastri obce Horná Seč. (Recultivation of agricultural land after gravel extraction on the plot of the 
company Anteco, s.r.o. in the cadastre of the municipality of Horná Seč.). Nitra: SPU. 28p. (in Slovak).

SHMÚ. (2011). Súhrnná správa SHMÚ pre lokalitu Mochovce. (SHMU summary report for the 
Mochovce location). [online] Bratislava: Slovenský hydrometeorologický ústav. Available at: https://
www.ujd.gov.sk/wp-content/uploads/2020/11/Kapitola_04_07.pdf [Accessed 14 Febr. 2024].

Six, J., Bossuyt, H., Degryze, S., Denef, K. (2004). A history of research on the link between (micro)ag-
gregates, soil biota, and soil organic matter dynamics. Soil and Tillage Research, vol. 79(1): 7–31. http:/
/dx.doi.org/10.1016/j.still.2004.03.008.

Šimanský, V., Juriga, M. (2024). Soil Organic Carbon Sequestration in Size-Fractions of Water-Stable Ag-
gregates in Haplic Luvisol after Organic Amendment. Acta fytotechnica et zootechnica, vol. 27(2): 172–
178. https://orcid.org/0000-0003-3271-6858. 

Šimanský, V., Tobiašová, E., Chlpík, J. (2008). Soil tillage and fertilization of Orthic Luvisol and their 
influence on chemical properties, soil structure stability and carbon distribution in water-stable macro-
aggregates. Soil and Tillage Research, vol. 100(1-2): 125–132. https://doi.org/10.1016/j.still.2008.05.008. 

Sobocká, J. (2003). Urban soils vs. anthropogenic soils, their characteristics and functions. Phytopedon 
(Bratislava), vol. 2: 76–80. ISSN 1336-1120.

Sobocká, J., Saksa, M. (2022). Reassessment of the anthropogenic soil classification of Slovakia in the 
light of the latest knowledge. Pedosphere Research, vol. 2(1): 35-47. ISSN 2729–8728.

Sobocká, J., Saksa, M. (2024). Anthropogenic substrates in relation to their identification and classifica-
tion – a review. Pedosphere Research, vol. 4(1), 36–54. ISSN 2729-8728.

Societas pedologica slovaca, VÚPOP (2014). Morfogenetický klasifikačný systém pôd Slovenska. Bazálna 
referenčná taxonómia. (Morphogenetic Soil Classification System of Slovakia. Basal Reference Tax-
onomy). 2th revised ed. Bratislava: NPPC-VUPOP 96p. (in Slovak).

Spohn, M., Giani, L. (2010). Water-stable aggregates, glomalin-related soil protein, and carbohydrates in 
a chronosequence of sandy hydromorphic soils. Soil Biology and Biochemistry, vol. 42(9): 1505–1511. 
https://doi.org/10.1016/j.soilbio.2010.05.015.

Pedosphere Research, Vol. 5, 2025, No. 1: 3–17

Original PaperOriginal Paper



17

Tindsall, J. M., Oades, J. M. (1982). Organic matter and water-stable aggregates in soils. European Journal 
of Soil Science, vol. 33(2): 141–163. https://doi.org/10.1111/j.1365-2389.1982.tb01755.x.

Tobiašová, E. (2011). The effect of organic matter on the structure of soils of different land uses. Soil and 
Tillage Research, vol. 114(2): 183–192. https://doi.org/10.1016/j.still.2011.05.003

URL 1 (2024). Pôdny portál. (Soil portal). [online] Pôdny portál. Available at: https://portal.vupop.sk/
portal/apps/webappviewer/index.html?id=d89cff7c70424117ae01ddba7499d3ad [Accessed 26 Febru-
ary. 2024]. (in Slovak).

Vadjunina, A.F., Korchagina, Z.A. (1986). Methods of Study of Soil Physical Properties. Moscow: Agro-
promizdat (in Russian).

WRB (2015). World reference base for soil resources 2014, update 2015 International soil classification sys-
tem for naming soils and creating legends for soil maps. World Soil Resources Report No. 106. Rome: 
FAO.

Zákon NR SR č.220/2004 Z. z. o ochrane a využívaní poľnohospodárskej pôdy a o zmene zákona č. 
245/2003 Z. z. o integrovanej prevencii a kontrole znečisťovania životného prostredia a o zmene a 
doplnení niektorých zákonov v platnom znení. (Act of the National Council of the Slovak Republic No. 
220/2004 Coll. on the protection and use of agricultural land and on amending Act No. 245/2003 Coll. 
on integrated prevention and control of environmental pollution and on amending and supplementing 
certain acts, as amended). Bratislava: Ministerstvo spravodlivosti SR. (in Slovak).

Zaujec, A., Chlpík, J., Nádašský, J., Szombathová, N., Tobiašová, E. (2009). Pedológia a základy geológie. 
(Pedology and basics of geology). Nitra: Slovenská poľnohospodárska univerzita. 399p. (in Slovak).

Pedosphere Research, Vol. 5, 2025, No. 1: 3–17

Original PaperOriginal Paper


