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INTRODUCTION 

Green manure technologies are considered 
an effective and highly promising alternative to 
conventional fertilization methods for agricultural 
crops, fully mimicking natural processes of 
organic matter cycling and the essential macro- 
and micronutrients within the closed loops of 
agrobiogeocenoses (Toungos and Bulus, 2019; 
Kaletnik and Lutkovska, 2020; Lutkovska and 
Kaletnik, 2020). This aligns positively with the 
global trend toward organic soil management 
systems according to the strategy outlined in the 
European Green Deal (Tokarchuk et al., 2024). The 

benefits of green manuring are based on shifts in 
the dynamics of mineralization and humification 
processes toward dominant humification, which 
ultimately leads to intensified accumulation of 
organic carbon, enhanced soil aggregation and 
structuring, and the formation of conditions that 
improve the technological quality of the soil 
profile in terms of its cultivation systems (Lei 
et al., 2022; Lee et al., 2023; Butenko et al., 
2025). This ensures sustainable optimization of 
the soil’s structural-aggregate and agro-physical-
technological status, reducing the energy intensity 
of tillage systems while increasing overall soil 
workability (Bulgakov et al., 2023).
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ABSTRACT
Over 12 years, a comprehensive assessment was conducted on the effectiveness of systematic intermediate green 
manuring using oilseed radish, considering its impact both on the fractional composition of soil and on the main 
indicators of its structural-aggregate composition, with an evaluation of the potential formation of soil degradation 
resistance through the assessment of several identification parameters for the 0–30 cm soil layer. A wide range of 
methods and integrated criteria recommended by global practice for studying the agrophysical properties of soils 
were used to obtain the data. It was established that oilseed radish, producing a total green manure biomass of 
24.01 t ha⁻¹ (4.02 t ha⁻¹ in dry matter), provides a level of bio-organic fertilization equivalent to 14.41 t ha⁻¹ of cat-
tle manure. The application of this green manure allowed optimization of the complex of aggregate-structural soil 
parameters according to the following criteria: an integrated increase of 6.51% in the complex of agronomically 
valuable soil aggregate fractions (water-regulating, anti-deflationary, water-stable); stabilization and optimization 
of soil structure according to the soil stability index (SSI), stable aggregates index (SAI), stable macroaggregates 
index (SMaI), and coefficient of structurality (Cs), with a resultant growth index of 1.44 compared to the control 
variant without green manure. A general reduction was achieved in the variability component of the ranking of 
morphometric parameters of soil aggregates, their fractal dimension, the length criterion of soil structural aggre-
gates (D), and the proportion of aggregate destruction (PAD), with reduction indices of 1.13, 1.04, 1.70, and 1.13, 
respectively. Under these conditions, the effective impact of green manuring was found to be optimally combined 
with the observed increase in soil phytotoxicity, with an acceptable frequency of systematic oilseed radish green 
manure application on the same field not exceeding once every two years.
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Positive effects of green manuring have 
been noted regarding reduced soil bulk density 
(Abdulraheem and Tobe, 2021), increased porosity, 
and growth in the proportion of agronomically 
valuable soil structure fractions, especially those 
with water-stable characteristics (Lee et al., 
2023). Green manuring is also recognized as a 
key element in optimizing the physical properties 
of soil, loosening the plow layer, structuring the 
soil, and increasing its resistance to compaction 
damage (Talgre, 2013; Hansen et al., 2022). 
At the same time, it is noted that the positive 
aftereffect of green manures is determined both 
by the species-specific characteristics of the 
green manure crop, the hydrothermal and soil 
conditions of the respective territories, and by the 
very technology of green manuring itself (Ma et 
al., 2021). The duration of this effect generally 
averages 2–4 years and depends on the level of 
agricultural land-use intensity and the type of crop 
rotation according to the species composition of 
agricultural crops (Jia et al., 2024).

It is noted that the successful choice 
of specific green manure plant species is 
fundamental for realizing the positive potential of 
this technology. The relevance of this approach 
is confirmed by the existence of over 60 green 
manure plant species (Green Manure Global 
Market Report, 2024), which creates practical 
challenges both in selecting the optimal species 
for green manuring and in adapting green manure 
technologies. Moreover, recent global climate 
and agrotechnological changes have prompted 
a reassessment of the appropriateness of certain 
green manure species that until recently were 
considered mainstays in specific regions (Liu et 
al., 2020; Abdelrahman et al., 2022).

The above arguments demonstrate the 
relevance of research on the effectiveness of 
green manure species adapted to soils with 
medium fertility potential under conditions of 
unstable moisture supply, which corresponds 
to the dominant soil cover and hydrothermal 
regimes of vegetation across most agricultural 
territories (Kopittke et al., 2019).

The positive effect of crop rotation, designed 
on the basis of alternating different biological 
groups of plants, on the optimization of the soil’s 
structural-aggregate state and physical properties 
has been generalized and confirmed. According 
to the results of a meta-analysis of 2.199 paired 
observations from 53 studies, crop rotation 
improved the proportion of macroaggregates 

(>0.25 mm) by 7–14% and aggregate stability 
by 7–9%. The variance partitioning analysis re-
vealed that variations in crop rotation-induced 
changes in soil aggregation and associated with 
organic carbon content were mainly explained by 
climate (26–35%) and soil properties (17–34%). 
(Zheng et al., 2023). For these reasons, it is im-
portant to assess the effectiveness of the studied 
agrotechnological solutions specifically within 
the system of crop rotations adopted in a given re-
gion, which makes it possible to effectively adapt 
their subsequent use and practical implementa-
tion. (Meng et al., 2025). In this context, oilseed 
radish (Raphanus sativus L. var. oleiformis Pers.) 
is considered an effective candidate for green 
manure bioorganic technologies. Accompanying 
studies have demonstrated its high overall 
bioproductive and adaptive potential for areas 
with sufficient and unstable moisture on soils with 
low fertility potential (Tsytsiura, 2020; Tsytsiura, 
2025). Against the background of its established 
value in terms of the biochemical composition 
of the leaf-stem biomass, as an additional factor 
in bio-organic fertilization systems, this allowed 
the species, within a multi-criteria analysis 
framework, to be classified as a potentially highly 
effective green manure crop (Tsytsiura, 2024 
a,b). However, despite the outlined potential, 
research results on the impact of its long-term 
and systematic application as green manure in 
crop rotation on the structural-aggregate state 
of the soil and the complex of its agrophysical 
properties are practically absent. This determined 
the choice of oilseed radish as the object of long-
term studies in the specified evaluation direction, 
the results of which are presented in this article.

MATERIALS AND METHODS

The research was conducted from 2014 
to 2025 at the experimental field of Vinnytsia 
National Agrarian University (coordinates: 
49°11′31″ N, 28°22′16″ E) on grey forest 
soils – classified as Greyi‑Luvic Phaeozems 
(Phaeozems Albic, Dark Gray Podzolic Soils) 
under WRB and Haplic Greyzems under 
FAO with silt loam texture. Baseline fertility 
indicators of the 0–30 cm soil layer at trial 
initiation were: humus content 2.68%; available 
hydrolyzable nitrogen 81.5 mg kg-1; extractable 
phosphorus 176.1 mg kg-1; exchangeable 
potassium 110.8 mg kg-1; and pH(KCl) 5.8.
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The experimental design involved comparing 
two successive treatments: a control without 
green manure and a green manure treatment using 
oilseed radish on the same plots, rotated every two 
years to prevent potential phytotoxicity associated 
with repeated use of cruciferous green manure 
crops (according to Grodzinsky, 1973; Duff et al., 
2020). Both treatments were incorporated into a 
crop rotation system without the inclusion of other 
cruciferous plants. During the period 2014–2024, 
the experiment was conducted following this crop 
rotation sequence: grain sorghum (2014) – pea 
(2016) – soybean (2018) – sunflower (2020) – 
chickpea (2022) – grain maize (2024). The overall 
crop rotation scheme for 2014–2024 was: grain 
sorghum – spring barley – pea – spring barley – 
soybean – spring wheat – sunflower – winter pea 
– chickpea – spring barley – grain maize. Soil 
sampling plots were spatially fixed and were not 
fertilized with mineral fertilizers throughout the 
entire experimental period. Measurements were 
taken at the start in 2014, mid-term in 2019, and 
final in 2025 (spring, before sowing the respective 
crop). The experimental plots were arranged in 
quadruplicate, with a plot size of 25 m². The oilseed 
radish variety ‘Zhuravka’ was used in the research. 
A green manure cropping system was applied, 
with a seeding rate of 2.5 million seeds per hectare 
and a row spacing of 15 cm. Sowing was carried 
out immediately after harvesting the preceding 
crop, following intermediate combined tillage (flat 
cutter plus rotary loosening with leveling) to a 
depth of 12–16 cm. Green manure incorporation 
was performed when the oilseed radish reached 
the flowering stage (BBCH 64–67, the optimum 
phase for green manure), which typically occurred 
in the second or third decade of October. The green 
manure was incorporated into the soil to a depth 
of 14–16 cm every year using heavy disc harrows, 
following mowing and shredding. The tillage depth 
during the non-green manure period depended on 
the crop in the rotation, with an average depth of 
22.55 ± 6.31 (SD) cm.

The growth stage of plants was identi-
fied відповідно BBCH scale for red oils (Test 
Guidelines, 2017).

The aboveground mass of plants was carried 
out by the method of trial plots (1 m2) (4 in each 
replication and weighing (WALCOM LB3002 (± 
0.01 g)). Root biomass was determined using the 
Profile Wall and Monolith Method (detailed in 
Tsytsiura, 2025). The dry matter (DM) content 
in both the aboveground and root plant biomass 

was measured by drying to a constant weight at 
105 °C and ashing at 550 °C.

The conversion of the total green manure 
biomass of oilseed radish into classical semi-
composted cattle manure was carried out based 
on a prolonged accompanying biochemical 
assessment of oilseed radish (Tsytsiura, 2024b; 
Tsytsiura, 2025) and according to statistics 
provided by Brown (2021).

Soil sampling

Samples were taken from depths up to 30 cm at 10 
cm intervals. Disturbed soil samples (approximately 
1 kg) were collected from each interval.

Analysis of soil structural-aggregate 
composition

Particle-size distribution analysis (PSDA) 
and microaggregate composition analysis 
(MACA) were applied in the study based on dry 
and wet sieving methods. The dry sieving method 
was conducted in accordance with the national 
standard of Ukraine (DSTU ISO 11277:2005, 
2005). For each air-dried soil sample (100 g), 
sieving was performed using mesh sizes of 10 
mm, 7 mm, 5 mm, 3 mm, 2 mm, 1 mm, 0.5 mm, 
and 0.25 mm. The sieve set included a tray to 
collect the fraction < 0.25 mm, and the top was 
covered. After shaking for 2 minutes (280–300 
shakes per minute), the soil was separated into the 
following fractions: > 10 mm; 10–7 mm; 7–5 mm; 
5–3 mm; 3–2 mm; 2–1 mm; 1–0.5 mm; 0.5–0.25 
mm; < 0.25 mm. The percentage of mechanically 
stable aggregate size classes was determined by 
weighing. Fractions in the size ranges 0.25–0.05 
mm; 0.05–0.01 mm; 0.01–0.005 mm; 0.005–
0.001 mm; and < 0.001 mm were measured using 
a pipette method modified by Kachinsky (DSTU 
4730:2007) combined with the aerometric method 
of Casagrande, as modified by Prószyński (PN-R-
4033) (Bieganowski and Ryżak, 2011), based on 
average values obtained from these methods.

The wet sieving method was also conducted 
according to the national standard of Ukraine 
(DSTU ISO 11277:2005, 2005). The procedure 
used the same mesh sizes as the dry sieving 
method but included an additional soil sample 
preparation system for sieving, following the 
recommendations of Márquez et al. (2004). This 
preparation involved air drying followed by rapid 
immersion in water (slaking), and air drying plus 
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capillary rewetting to field capacity plus 5% 
moisture (capillary-wetted). Both subsamples 
were stored overnight in a refrigerator at 4 °C prior 
to wet sieving. After wet sieving, all fractions were 
oven-dried at 70 °C, except the large and small 
macroaggregates obtained after the capillary-
wetted pretreatment. These macroaggregates 
were air dried and later used for the separation of 
large and small stable macroaggregates. Mass of 
stable coarse particles or sand retained (inert, not 
counted as aggregates) was determined by drying 
followed by treatment with a dispersing agent 
(5% sodium pyrophosphate) under intensive 
mechanical stirring. After dispersion, the material 
was sieved again through the same sieve, and 
the residue on the sieve was classified as stable 
coarse particles (sand). The obtained data 
were used to calculate water stable aggregates 
(WSA) according to Equation 1, following ISO 
10930:2012 (2012):

	 𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (1)

where:	Wa – weight of material on the sieve after 
wet sieving; Wc – weight of coarse ma-
terial in size; Wo – weight of aggregates 
placed on the sieve prior to wet sieving.

Based on the combination of PSDA and 
MACA analytical methods, the following were 
additionally determined:
	• Dispersion factor (Fd, %) (Equation 2):

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	(2)

where:	< 0.001 mmdispers (MACA) – content of 
the non-coagulated fraction < 0.001 mm 
for microaggregate composition analysis 
(MACA); < 0.001 mm is the sum of 
the specified fractions for particle-size 
distribution analysis (PSDA).

	• The degree of incorporation (DI) of ele-
mentary soil particles into microaggregates 
(Equation 3):

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	(3)

All values are the same as those for Equation 2.

	• Fageler’s structure factor (FSF) was calculat-
ed using Equation 4:

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (4)

where:	C0.25–1.00 mm(0.05–0.25 mm/<0.01 mm) – values of in-
dividual fraction sizes according to PSDA 
analysis.

	• The mean weight diameter of soil aggregates 
(for dry (MWD) and wet (MWDwet) sieving), 
geometric mean diameter of soil aggregates 
(for dry (GMD) and wet (GMDwet) sieving), 
and mean weight aggregate stability (MWAS) 
were calculated following the recommenda-
tions of Aksakal et al. (2020) and Zhou et al. 
(2020) (Equations 5–7).

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (5)

where:	n – the number of aggregate size classes; 
xi – mean size class i; and mi – the weight 
ratio of soil aggregate (or water-stable ag-
gregate for MWDwet) at the class і.

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (6)

where:	n – the number of aggregate size classes; 
xi – mean size class i; and mi – soil aggre-
gate (or water-stable aggregate for GMD-
wet) weight ratio at the class і; m – the total 
soil mass used in the test.

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (7)

where:	n is the number of aggregate size class-
es; wi proportional coefficient of each 
aggregate size class i; ASi – water 
aggregate stability of each aggregate size 
class (%).

	• Soil stability index (SSI) was calculated 
according to Franzluebbers et al. (2022) 
(Equation 8):

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (8)

where:	MWD – mean weight diameter of soil ag-
gregates; MWDwet mean weight diameter 
of water-stable soil aggregates.



305

Journal of Ecological Engineering 2026, 27(1) 301–324

	• Potential structural deformation index (PSDI) 
(method of Mbagwu and Bazzoffi (1989) 
(Equation 9)):

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 

	 (9)

The components of the formula are similar to 
those of Equation 8.

	• Proportion of aggregate destruction (PAD (%)) 
were calculated using the aggregate data for 
each particle size fraction (calculated according 
to Kemper and Rosenau (1986) (Equation 10):

	

𝑊𝑊𝑊𝑊𝑊𝑊 =  [
(𝑊𝑊𝑎𝑎 − 𝑊𝑊𝑐𝑐)

𝑊𝑊𝑂𝑂
] × 100 

 

𝐹𝐹𝐹𝐹 =  
 < 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) × 100 

 

𝐷𝐷𝐷𝐷 =  

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) −
−< 0.001 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀)

(< 0.001 𝑚𝑚𝑚𝑚 (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃)) × 100 

 

𝐹𝐹𝐹𝐹𝐹𝐹 =  𝐶𝐶0.25−1.00 𝑚𝑚𝑚𝑚 +  𝐶𝐶0.05−0.25 𝑚𝑚𝑚𝑚
𝐶𝐶<0.01 𝑚𝑚𝑚𝑚

 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑥𝑥𝑖𝑖𝑚𝑚𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑒𝑒∑ (𝑚𝑚𝑖𝑖 
𝑚𝑚 )𝑙𝑙𝑙𝑙(𝑥𝑥𝑖𝑖)𝑛𝑛

𝑖𝑖=1  

 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  ∑(𝑤𝑤𝑖𝑖𝐴𝐴𝐴𝐴𝑖𝑖)
𝑛𝑛

𝑖𝑖=1
 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀  

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =  [1 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 ] × 100 

 

𝑃𝑃𝑃𝑃𝑃𝑃 =  𝐷𝐷𝐷𝐷0.25−10 − 𝑊𝑊𝑊𝑊0.25−10
𝐷𝐷𝐷𝐷0.25−10

× 100 	 (10)

where:	DR0.25–10 is the aggregate content (%) with 
an aggregate size of 0.25–10.0 mm under 
dry sieving; WR0.25–10 is the aggregate con-
tent (%) with an aggregate size of 0.25–
10.0 mm under wet sieving.

	• Stable aggregates index (SAI) (Márquez et al. 
(2004)) (Equation 11):

	 𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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	 (11)

where:	Sj – the amount of stable aggregates in 
fraction j. Tj – total amount of aggregates 
in fraction j (from the capillary-wetted 
treatment) and n is the total number of 
size fractions. For j = 1 for the largest size 
class.

	• Stable macroaggregates index (SMaI) 
(Márquez et al. (2004)) (Equation 12):

	

𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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	(12)

where:	 Sj, Tj, n, j – the same in Equation 11; 	
	m – the total number of size classes 	
> 0.25 mm.

	• Susceptibility of soil to wetting (Sw, %) (Klíč, 
2024) (Equation 13):

	

𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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	• Fractal dimension (FD) of the structural-ag-
gregate state of soil (Equation 14):

	

𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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where:	Xi – the average soil aggregate diameter 
of any grade, which is numerically equal 
to the average value of two adjacent sieve 
holes, for > 5 mm aggregates, the upper 
limit of aggregate diameter is 10 mm; Xmax 
– the average particle size of the maxi-
mum particle size, mm; M (r < Xi) – the 
weight of the aggregate with particle size 
less than Xi; and M – the total weight of 
the aggregates.

	• Erodibility (K-factor) (according to Tian et al., 
2022) (Equation 15):

	

𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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where:	GMD – geometric mean diameter (GMD, 
mm) of soil aggregates.

Agrotechnological soil parameters

The coefficient of structurality (Cs) was 
determined using Equation 16:

	

𝑆𝑆𝑆𝑆𝑆𝑆 =  
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑛𝑛 ∑ [(𝑚𝑚 + 1) − 𝑗𝑗]𝑚𝑚

𝑗𝑗=1 × 𝑆𝑆𝑗𝑗
𝑚𝑚 ∑ [(𝑛𝑛 + 1) − 𝑗𝑗]𝑛𝑛

𝑗𝑗=1 × 𝑇𝑇𝑗𝑗
× 100 

 

𝑆𝑆𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤𝑤𝑤
𝑀𝑀𝑀𝑀𝑀𝑀 × 100 

 

𝐹𝐹𝐹𝐹 = 3 −  [lg ( 𝑀𝑀(𝑟𝑟 < 𝑋𝑋𝑖𝑖)
𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

)/ lg ( 𝑋𝑋𝐼𝐼
𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

)] 
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where:	Nv – total soil macroaggregates 0.25–10 
mm, %; Nt – total fractions < 0.25 mm 
and > 10 mm, %.

The degree of soil pulverization during 
tillage upon reaching the soil’s physical 
maturity was determined according to the 
average separation length criterion of soil 
structural aggregates (D, mm) after uniform 
tillage (spring disking with disk harrows to 
a depth of 10–12 cm). The state of physical 
maturity of the soil was identified according to 
the method of Pons and Zonneveld (1965).

The separation length criterion of soil struc-
tural aggregates (D) was determined based on the 
automatic measurement of parameters such as the 
two Feret diameters (Figure 1) from soil surface 
photographs using the adapted BASEGRAIN 
software package (v.2.2.0.4) (detailed methodol-
ogy in Tsytsiura (2023)) and applying Equation 
17 according to Church et al. (1987).
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where:	b – vertical and c – horizontal Feret 
diameter, mm; D – separation length cri-
terion, mm.

The images were captured using a Canon 
EOS 750D Kit 18–135 mm IS STM DSLR cam-
era with an additional Canon EF 100 mm f/2.8 
Macro lens with a UV filter in an orthogonal pro-
jection to the soil surface using a standard scale 
ruler under artificial shading according to Xing-
ming et al. (2021).

To assess the level of soil phytotoxicity under 
the systematic use of oilseed radish, a biotesting 
method was applied (at the same key account-
ing dates – 2019 and 2025) using the standard-
ized approach widely recognized in allelopathic 
practice as the method of conditional coumarin 
units (CCU) (Grodzinsky, 1973; Tsytsiura and 
Narwal, 2025). One conditional coumarin unit 
corresponds to a reference solution of the natural 
growth inhibitor coumarin (2H-chromen-2-one 
or 2H-1-benzopyran-2-one) – a lactone of o-hy-
droxycinnamic acid – at a concentration of 1 g 
l⁻¹. Garden cress (Lepidium sativum L.) was se-
lected as the biological test object. The recalcu-
lation of germination and the pattern of morpho-
logical development of garden cress plants on 
soil substrates (aken from the 0–10, 10–20, and 
20–30 cm soil layers) with different durations of 
oilseed radish green manuring into conditional 
coumarin units was carried out based on regres-
sion equations constructed according to the scale 
presented in Grodzinsky (1973). The control 
variant of the testing was carried out without the 
use of green manuring.

To analyze the hydrothermal conditions, the 
following were applied: average daily temperature 
(°C), precipitation (mm), hydrothermal coefficient 
(HTC) (Equation 18), and the coefficient of 
significance of deviations (Csd) (Equation 19) 
(Table 1).
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where:	ΣR – the sum of precipitation (mm) over 
a period with temperatures above 10 °С, 
Σt>10 – the sum of effective temperatures 
over the same period. Ranking of HTC 
values conditions: HTC > 1.6 – excessive 
humidity, HTC 1.3–1.6 – humid, HTC 
1.0–1.3 – moderately dry, HTC 0.7–1.0 – 
dry, HTC 0.4–0.7 – very dry.
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where:	Xi – current weather element; 		
Xav – average long-term value; 		
S – standard deviation; i – ordinal number 
of the year.

Csd level: 0 ÷ 0.5 (-0.5) – conditions close to 
normal; (-1) 1 ÷ (-2) 2 – significantly different 
from long-term values; 

2 (< -2) – close to extreme conditions.

Statistical processing

The indicators of variation statistics were 
determined using the generally accepted 
calculation method as outlined in Stoyan & 
Unland (2022) and Wong (2018) in the statistical 
software Statistica 10 (StatSoft – Dell Software 
Company, USA). For each analyzed physical 

Figure 1. Definition sketch for lengths D, b, and c (according to Stähly et al. (2017))
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parameter of soil determined its arithmetic 
mean, standard deviation (SD) and coefficient of 
variation (CV). Analysis of variance was used to 
compare the differences between means among 
treatments by the Bonferoni test at a statistical 
level of р < 0.05 and р < 0.01. The data obtained 
were analyzed using the analysis of ANOVA.

RESULTS AND DISCUSSION

During the period of intermediate green 
manure use of oil radish, according to the 
experimental scheme, its average green manure 
productivity was 24.01 t ha⁻¹ (4.02 t ha⁻¹ in dry 
matter) with interannual variation (for Cv) of 
31.55% (28.53%) (Figure 2). The average ratio 
coefficient between the formed aboveground 
biomass and root residues was 3.52 in fresh 
biomass and 2.34 in dry matter.

Considering the obtained level of green 
manure bioproductivity, the interannual 
variation of the indicator under conditions of 
pronounced unstable moisture (Dfa/Dfb) (Table 
1), and the long-term system for assessing 
potential cruciferous plant species (Duff et al., 
2020), oil radish was classified as an adaptive 
species suitable for intermediate summer 
green manuring in the bio-organic fertilization 
system for non-cruciferous crops. This aligns 
positively with the minimum threshold level of 
bioproductivity at up to 2 t ha⁻¹ in dry matter as 

a criterion for effective green manure potential 
(Talgre, 2013; Singh et al., 2023).

This is also confirmed by the determined 
fertilizing potential of oil radish as a green 
manure, expressed in terms of semi-decomposed 
cattle manure equivalent, amounting to 16.85 t 
ha⁻¹ for the period 2014–2019 and 11.96 t ha⁻¹ 
for the period 2020–2024, which corresponds to 
the above-average category. A positive effect of 
systematic green manuring of varying application 
durations on changes in the soil’s structural-
aggregate composition and the ratio of several 
important fractions was identified (Table 2). It 
was established that, compared to the control, 
the green manuring variant, on average for 
the 0–30 cm soil layer at the first comparison 
date (2019), reduced the absolute value of the 
cloddy fraction (>10 mm) by 4.92% and the dust 
fraction (<0.25 mm) by 1.41%, while increasing 
the agronomically valuable fraction (10–0.25 
mm) by 6.32%. At the final accounting date 
(2025), an accumulated positive effect of green 
manuring on the formation of similar indicators 
was observed, amounting to 7.70%, 1.34%, and 
9.04%, respectively.

At the same time, for the control variant under 
this crop rotation system and complete absence of 
fertilization, a gradual degradation of the soil was 
recorded in terms of the optimality parameters of 
its structural-aggregate composition.

The results of phased comparisons conducted 
in 2019 and 2025 confirm these findings. In 

Table 1. Assessment of hydrothermal regimes (by the indicator of HTC) (Dfa/Dfb zone according to the Köppen–
Geiger climate classification), 2014–2024 (compared to the long-term average period of 2000–2013)

Year
Precipitation 
amount, mm 

(IV-X)

*taver, °C
(IV-X)

Months of the growing season
Csd aver 
V–IX

*taver, 
°C

**

Precipitation 
amount, mm

V VI VII VIII IX

Хі Csd Хі Csd Хі Csd Хі Csd Хі Csd

2014 590.4 14.62 3.93 3.39 1.55 1.00 1.31 0.24 1.05 0.46 1.25 1.10 1.24 0.2 245.5

2015 303.1 15.48 0.92 0.19 0.72 -0.53 0.32 -1.16 0.12 -1.13 1,184 0.97 -0.33 9.5 256.1

2016 406.1 15.33 0.49 -0.26 1.27 0.48 1.06 0.39 0.90 0.46 0.01 -1.17 -0.02 -0.6 325.7

2017 443.1 15.04 0.78 0.04 0.50 -0.92 1.52 1.38 0.82 0.30 3.10 4.47 1.05 -0.4 323.7

2018 444.2 16.39 0.31 -0.45 4.40 6.28 2.16 2.71 0.59 -0.19 1.38 1.33 1.94 0.0 271.0

2019 560.2 15.70 4.90 4.42 1.68 1.25 1.01 0.30 0.24 -0.90 0.99 0.62 1.14 2.9 200.5

2020 589.2 15.64 5.33 4.87 1.55 1.01 0.59 -0.59 0.53 -0.30 0.86 0.38 1.07 -0.3 356.1

2021 459.7 14.33 3.13 2.54 1.68 1.25 0.78 -0.19 1.46 1.61 0.71 0.10 1.06 1.2 216.9

2022 678.7 15.15 1.43 0.74 1.50 0.91 0.90 0.06 1.71 2.13 4.96 7.86 2.34 2.2 278.0

2023 486.9 16.24 0.09 -0.69 1.64 1.18 1.41 1.14 0.65 -0.05 1.02 0.66 0.45 2.9 371.2

2024 481.9 17.94 0.58 -0.17 1.66 1.21 1.19 0.67 0.77 1.46 0.45 -0.38 0.41 1.2 263.8

Note: *average daily temperature (°C) for the period from November of the previous year to March of the following year; 
**total precipitation (mm) for the period from November of the previous year to March of the following year.
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2019, relative to the baseline values of 2014, 
the average soil layer (0–30 cm) showed an 
increase in the coarse fraction (>10 mm) by 
1.62%, an increase in the dust fraction (<0.25 
mm) by 1.70%, and a decrease in the sum of 
fractions between 10–0.25 mm by 2.99%. By 
the terminal assessment date in 2025, a similar 
trend was observed compared to the initial 2014 
control variant, with increases of 2.01%, 3.74%, 
and a decrease of 5.73%, respectively. Over the 
12-year period, the control variant demonstrated 
dynamic processes of intensive differentiation 
in the structural-aggregate composition, with 
simultaneous growth of both the coarse (>10 mm) 
and dust (<0.25 mm) fractions. These changes in 
the fraction structure ratios during dry sieving 
indicate active microaggregation processes. 

According to several studies (Le Bissonnais, 
2016; Medvedev et al., 2020; Nurhartanto et al., 
2022; Usman and Jayeoba, 2025), simultaneous 
increases in both coarse and dust fractions signal 
granulometric internal degradation of the soil and 
serve as a precursor to significant deterioration in 
the associated properties.

In this regard, sustainable green manuring 
with oilseed radish optimizes the balance of 
soil fractions. This is further supported by the 
reduced variability of fractional shares across the 
entire analysis range: over the full cycle of green 
manure application, total inter-fraction variability 
decreased by 16.31% compared to the 2014 
baseline, whereas in the variant without green 
manure it increased by 5.47%. Following Stoyan 
& Unland (2022), this indicates an increase in 
the overall dispersion of the soil’s structural-
aggregate system, leading to adverse changes in 
related soil regimes. Amid the observed structural 
shifts, changes in individual fraction shares were 
also noted. In the green manure variant at the final 
assessment in 2025, compared to the ‘Control 
II’ variant, there was an overall increase in the 
10–7 mm fraction by 2.57% and a decrease in 
the 0.5–0.25 mm fraction by 4.48%. The greatest 
increase was seen in the 5–3 mm fraction, rising 
by 10.99%. Compared to the absolute control 
(2014 baseline), fractions within the 0.5–7 mm 
range increased on average by 8.74%, with a 
peak increase of 5.33% in the 3–2 mm fraction. 

Figure 2. Indicators of green manure bioproductivity of oilseed radish for the summer intermediate sowing date 
(at the flowering stage, BBCH 64–67), t ha-1 (LSD0.5 1.07 – for aboveground biomass;

0.29 – for aboveground biomass in dry matter; 0.58 – for root biomass;
0.17 – for root biomass yield in dry matter; 0.84 – for equivalent cattle semi-rotted manure)
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In the ‘Control II’ variant, compared to the 
absolute control, the fractions in the 2–<0.25 
mm range increased by 9.77%, with the greatest 
growth (3.74%) occurring in the <0.25 mm 
fraction. Although similar trends regarding green 
manure’s impact on soil structural-aggregate 
composition have been observed in other studies 
(Le Bissonnais, 2016; Lee et al., 2023; Li et al., 
2024; Li et al., 2025), some differences should 
be noted. Specifically, simultaneous decreases 
in the >10–7 mm and 0.5–<0.25 mm fractions 
alongside increases in intermediate fractions 
support the positive role of long-term green 
manure application in enhancing soil structure 
by increasing the macroaggregate fraction within 
the 2.0–5.0 mm range. Based on Gentsch et al. 
(2024), the applied green manure regime balances 
the soil aggregate structure while maintaining 
sufficient dispersion to optimize water absorption 
and preserve porosity constants.

Conversely, intensive use of gray forest 
soil without fertilization in the control variant – 
characterized as a degenerative land use system 
by Rezáčová et al. (2021) and Peng et al. (2024) 
– leads to disruption of stable macroaggregate 
intervals, increased overall dispersion, and 
deterioration of agro-physical and hydrological 
constants. Medvedeva et al. (2020) also noted 
that gray forest soils under intensive agriculture 
without organic matter replenishment experience 
progressive structural degradation, especially in 
the upper horizons.

From this perspective, the application of 
oilseed radish proved effective. The conclusions 
are supported by changes in the proportion of 
agronomically valuable fractions determined 
according to Medvedev et al. (2020) under 
different experimental variants (Figure 3). 
It was established that, in comparison of the 
‘Green manure application II’ and ‘Absolute 

Table 2. Dynamics of soil structural-aggregate composition depending on the experimental variants 	
(PSDA analysis, dry sieving, for the comparable period 2014–2025), %

Experimental 
variant

Soil
layer,
cm

Soil fractions, mm (%) The percentage of

> 10 10–7 7–5 5–3 3–2 2–1 1–0.5 0.5–
0.25 <0.25

sand 
(0.05–

2.00 mm)

silt 
(0.002–

0.05 mm)

clay 
(<0.002 

mm)
2014

At the
beginning

of experiment
(absolute 
control)

0–10 25.32a 10.83a 9.21a 15.41a 7.82a 12.27a 6.22a 4.17a 8.75a 23.84a 63.97a 22.52a

10–20 27.17b 11.04b 8.71b 15.51b 7.14b 14.12b 5.15b 3.09b 8.07b 23.51a 62.37b 23.36a

20–30 30.25c 10.89a 8.59b 14.56c 6.55c 12.69c 5.33c 2.88c 8.26b 21.97a 63.95a 23.09a

2019

Control I
(without 
green 

manure)*

0–10 27.14a 8.91a 8.51a 11.96a 5.91a 14.39a 7.05a 6.01a 10.12a 28.66b 63.48a 24.59b

10–20 29.09b 8.19b 6.72b 12.26b 6.11b 15.29b 6.68b 5.91b 9.75b 29.06b 63.54a 24.31b

20–30 31.37c 8.85c 6.06c 12.24b 5.51c 13.53c 7.07a 6.05a 10.32a 27.73b 64.52c 24.99b

Green 
manure 

application I**

0–10 22.28a 12.46a 11.32a 18.88a 9.84a 11.21a 4.07a 2.72a 7.22a 19.20c 61.11d 22.21a

10–20 22.69a 12.24a 10.98b 19.05b 10.69b 12.08b 3.27b 2.11b 6.89b 18.56c 61.41d 22.60a

20–30 23.02b 11.53b 10.75b 19.28b 9.65a 12.17b 3.43b 3.42c 6.75b 19.97d 63.01b 22.98a

2025

Control II
(without 
green 

manure)***

0–10 28.18a 8.94a 6.54a 9.47a 5.43a 14.89a 6.74a 7.59a 12.22a 30.46e 63.59a 26.29c

10–20 28.85b 9.03a 6.63a 9.12b 5.72b 14.07b 6.57a 7.92b 12.09a 29.85e 64.02a 25.33b

20–30 31.67c 8.88a 5.57a 10.21c 5.47a 13.21c 5.84a 7.16c 11.99a 27.26b 64.65c 26.56c

Green 
manure 

application 
II****

0–10 19.02a 10.92a 12.41a 20.24a 12.48a 11.05a 3.05a 3.27a 7.56a 18.65c 62.59b 20.44d

10–20 20.19b 11.72b 11.49b 20.87b 13.12b 10.75b 2.78a 2.76b 6.32b 18.38c 62.42b 19.20e

20–30 20.42b 11.92b 11.35b 20.66b 11.89c 11.24a 2.11b 3.22a 7.19c 17.78f 63.79a 19.43e

Note: Crop rotation on the plot: grain sorghum (2014) – spring barley (2015) – pea (2016) – spring barley (2017) 
– soybean (2018); Use of intermediate green manure in the crop rotation scheme on the plot: grain sorghum 
(2014) – pea (2016) – soybean (2018); Crop rotation on the plot: spring wheat (2019) – sunflower (2020) – winter 
pea (2021) – chickpea (2022) – spring barley (2023) – maize for grain (2024); Use of intermediate green manure 
in the crop rotation scheme on the plot: sunflower (2020) – chickpea (2022) – maize for grain (2024). Different 
lowercase letters in the table indicate significant differences among treatments within the same soil layer (p<0.05).



310

Journal of Ecological Engineering 2026, 27(1), 301–324

control’ variants, the content of the CAVS 
fraction increased by 9.04%, the CWRF fraction 
by 3.31%, and the CWRA fraction by 4.56%. 
Conversely, in the comparison of the ‘Control II’ 
and ‘Absolute control’ variants, these indicators 
decreased by 5.76%, 0.60%, and 8.73%, 
respectively. Based on the evaluations by Gentsch 
et al. (2024), such results demonstrate the anti-
erosion effectiveness of green manure application 
from both water and wind erosion perspectives, as 
well as optimization of the soil’s water-regulating 
and water-retaining functions. It should also 
be noted that soil texture is a relatively stable 
characteristic, largely dependent on the parent 
material and soil formation processes, and green 
manure application has a less significant overall 
effect on it (Medvedev et al., 2020).

However, in the ‘Green manure application 
II’ variant, compared to the absolute control, a 
decrease in the sand fraction (0.05–2.00 mm) by 
4.84% was observed in the 0–30 cm soil layer, 
along with reductions in the silt (0.002–0.05 mm) 

and clay (< 0.002 mm) fractions by 0.50% and 
3.28%, respectively. This pattern positively aligns 
with models of soil aggregation under systematic 
replenishment of the soil with plant-derived 
organic matter (Qin et al., 2024), highlighting 
enhanced involvement of fractions smaller than 
0.05 mm and simultaneous intensification of the 
intra-profile leaching of the finest fractions. This 
results in certain structural shifts within the main 
fractions that define soil texture, while the overall 
soil texture classification remains unchanged.

More significant conclusions regarding 
the effectiveness of green manure application 
were drawn based on the analysis of the soil’s 
structural-aggregate composition from wet 
sieving results (Figure 4).

As a result of the long-term application of 
oilseed radish as a green manure, compared to 
the absolute control, an average for the 0–30 cm 
soil layer showed a consistent decrease in the 
proportion of fractions in the 1–<0.25 mm range 
and an increase in the proportion of fractions 

Figure 3. Proportion of agronomically important fractions of the soil structural-aggregate state
depending on experimental treatments (for the comparable period 2014–2025), %
Note: CAVS – content of agronomically valuable structure (0.25–10.0 mm, %);

CWRF – content of water-regulating fractions (1.0–3.0 mm, %);
CWRA – content of wind-resistant aggregates (> 1 mm, %).

Explanations of experimental treatments are provided in the footnotes of Table 2.
Different lowercase letters indicate significant differences among treatments at the same soil layer (p < 0.05).
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in the 2–10 mm range in an equivalent ratio of 
13.21%. This process was most pronounced in 
the 0–20 cm soil layer. Moreover, a growing 
rate of this dynamic was noted when comparing 
the measurements from 2019 and 2025, with a 
growth index of 1.08. In contrast, the ‘Control 
II’ treatment, compared to the absolute control, 
exhibited an opposite trend in fraction formation. 
These characteristics of fraction formation under 
wet sieving confirmed the positive effect of green 
manure biomass through the organic products 
of its transformation and intensification of the 
humification process, leading to an increase in 
the share of water-stable fractions sized 1–3 mm. 
This increase was 10.72%, 12.79%, and 11.79% 
for the soil layers 0–10, 10–20, and 20–30 cm, 
respectively, when comparing the ‘Absolute 
control’ and ‘Green manure application II’ 
variants. For the ‘Control II’ variant at the same 
soil depths on the final observation date, this 
indicator was significantly lower than in the 
‘Green manure application II’ by 7.95%, 8.44%, 
and 7.49%, respectively.

These structural changes were noted alongside 
a simultaneous decrease in the share of fractions 

<0.25 mm for the wet sieving variant, with an 
average reduction of 14.31% in the 0–30 cm soil 
layer for ‘Green manure application II’ compared 
to ‘Control II’. Under these conditions, only the 
green manure treatment variant had water-stable 
aggregates in the 10–7 mm fraction below 0.50% 
on both observation dates, and no aggregates 
were identified in the >10 mm fraction.

Such changes in the structural fraction 
distribution of water-stable aggregates – with a 
significant decrease in the upper fractions greater 
than 7 mm and an intense reduction of fractions 
smaller than 7 mm, alongside several-fold 
increases in the 0.5–<0.25 mm fraction interval, 
characteristic of the experimental soil variants 
overall – indicate (based on conclusions by Peng 
et al., 2024) that before the experiment started, 
soil profile destructuring was already present, 
which is a clear sign of soil degradation.

The application of green manure contributed 
to increased water stability of soil aggregates, 
both due to additional aggregation and increased 
humification. As a result, this ensured increased 
hydrophobicity of soil particles, confirmed by 
several studies (Le Bissonnais, 2016; Tian et al., 

Figure 4. Soil structural-aggregate composition by wet sieving (modified after Márquez et al. (2004))
depending on experimental treatments (for the comparable period 2014–2025), %
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2022; Klíč, 2024). However, the lack of sufficient 
humification levels in soil aggregates, considering 
the absence of water-stable macroaggregation for 
soil fractions in the 7–>10 mm range (according 
to Márquez et al., 2004; Rezáˇcová et al., 2021; 
Peng et al., 2024), confirmed that the organic 
components of green manure using oilseed 
radish form an effective water-stable structure 
at the microaggregate level, with the maximal 
effect observed at a depth of 10–20 cm. This 
corresponds to the main location of green manure 
biomass accumulation during its incorporation 
into the soil.This is confirmed both by research 
(Li et al., 2024; Li et al., 2025) and visually 
demonstrated in Figure 5.

In particular, in the variant of sustainable green 
manure use with oilseed radish at the reporting 
date (2025), an intensive process of water-stable 
aggregation formation was observed, with the 
most pronounced process characteristic for the 
10–20 cm soil layer (Figure 5, position II). The 

control variant was characterized by the formation 
of fine microaggregation relatively resistant to 
water action (Figure 5, positions III–IV). It should 
be noted that for the control variant in the 0–10 
cm soil layer (Figure 5, III), the formation of a 
so-called dense, continuous, deep-platy structure 
was identified, mixed with a significant presence 
of ultrafine microaggregates. This pattern, 
considering a number of studies (Zhu et al., 2018; 
Zhou et al., 2020; Yang et al., 2025), indicated 
a potentially rapid destruction of the observed 
microaggregates under rainfall, leading to the 
formation of a deep crusted layer, which aligns 
with the results of the soil microaggregate analysis 
(Table 3). Based on the results of the PSDA variant 
of the microaggregate analysis, changes in the soil 
microaggregate structure were identified with 
the application of green manure. These changes, 
comparing the control variant and the green 
manure variant at the final assessment date (2025), 
were characterized by a consistent increase in the 

Figure 5. Microphotographs of the surface of soil macroaggregates from different soil horizons
depending on the experimental variant (I – for the 0–10 cm soil layer and II – for the 10–20 cm soil layer
in the zone of oilseed radish green manure decomposition for the ‘Green manure application II’ variant

 III – for the 0–10 cm soil layer and IV – for the 10–20 cm soil layer in the ‘Control II’ experimental variant), 2025
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proportion of fractions in the 0.01–0.25 mm range 
by an average of 10.99% for the 0–30 cm soil 
layer, accompanied by a corresponding decrease 
in fractions in the 0.01–<0.001 mm range. In 
the absence of green manure or any fertilization, 
compared to the absolute control (2014), the 
changes showed an opposite trend.

This dynamic confirms a significant reduction 
in intra-fractional dispersion within the fraction 
range <0.001–0.25 mm due to the participation 
of organic components of the green manure mass 
during its decomposition in the soil. This aligns 
with the identified dispersity factor (Fd), which 
showed a stable decline from the beginning of the 

Table 3. Microaggregate analysis of soil structure depending on experimental variants (for the comparative period 
2014–2025 for the soil fraction range 0.25–<0.0001 mm), %

Experimental 
variant

Soil
layer,
cm

Soil fractions, mm (%) (Mean ± SD)
MWD, 
mm

GMD, 
mm Fd, % DI, % FSF0.25–

0.05
0.05–
0.01 0.01–0.005 0.005–0.001 <0.001

2014

Absolute 
control

0–10 I13.51 ± 0.31a 48.27 ± 0.83a 12.77 ± 0.51a 7.33 ± 0.19a 18.12 ± 0.17a 0.096a 0.058a 42.05a 57.95a 0.625a

10–20 14.27 ± 0.39b 45.59 ± 1.14b 13.62 ± 0.33b 7.91 ± 0.31a 18.61 ± 0.11a 0.095a 0.058a 40.30b 59.70b 0.561b

20–30 12.96 ± 0.47c 47.46 ± 0.97a 13.85 ± 0.42b 6.59 ± 0.38b 19.14 ± 0.14b 0.095a 0.057a 38.51c 61.49c 0.535b

0–10 II57.89 ± 1.17a 25.61 ± 0.49a 12.87 ± 0.17a 2.85 ± 0.11a 0.78 ± 0.09a

10–20 57.24 ± 1.29b 26.29 ± 0.71a 13.02± 0.39b 2.84 ± 0.17a 0.60 ± 0.10a

20–30 57.19 ± 1.43c 6.25 ± 0.96a 12.74 ± 0.47a 2.63 ± 0.19a 1.18 ± 0.08b

2019

Control I

0–10 I11.93 ± 0.47a 45.13 ± 0.55a 15.05 ± 0.41a 8.24 ± 0.29a 19.65 ± 0.14a 0.103a 0.067a 45.90a 54.10a 0.582a

10–20 12.15 ± 0.59a 44.80 ± 1.07a 15.20 ± 0.19a 8.84 ± 0.47b 19.01 ± 0.17b 0.093b 0.054b 50.39b 49.61b 0.575a

20–30 10.49 ± 1.11b 45.74 ± 0.89b 15.04 ± 0.22a 9.35 ± 0.18c 19.38 ± 0.12c 0.089b 0.051b 51.14b 48.86b 0.539b

0–10 II62.72 ± 1.58a 23.51 ± 0.11a 11.66 ± 0.12a 1.82 ± 0.09a 0.29 ± 0.08a

10–20 62.79 ± 1.74a 23.52 ± 0.27a 11.40 ± 0.15a 1.93 ± 0.11a 0.36 ± 0.08a

20–30 61.04 ± 1.82b 24.83 ± 0.18b 11.09 ± 0.17b 2.22 ± 0.09b 0.82 ± 0.12b

Green 
manure 

application
I

0–10 I16.68 ± 0.81a 47.04 ± 1.41a 11.23 ± 0.36a 7.09 ± 0.38a 17.96 ± 0.28a 0.102a 0.066a 37.97a 62.03a 0.647a

10–20 15.99 ± 1.19b 45.94 ± 1.63b 12.53 ± 0.69b 7.35 ± 0.51a 18.19 ± 0.14a 0.102a 0.066a 39.69a 60.31b 0.561b

20–30 14.01 ± 0.63c 47.29 ± 0.87a 12.64 ± 0.27b 7.69 ± 0.17b 18.37 ± 0.21a 0.100a 0.063a 41.48b 58.52c 0.539b

0–10 II63.56 ± 1.47a 23.29 ± 0.15a 9.56 ± 0.18a 3.07 ± 0.08a 0.52 ± 0.07a

10–20 55.74 ± 1.53b 26.68 ± 0.43b 12.63 ± 0.55b 3.93 ± 0.14b 1.02 ± 0.11a

20–30 52.91 ± 1.25c 28.55 ± 0.25b 13.06 ± 0.29c 4.04 ± 0.11b 1.44 ± 0.09b

2025

Control II

0–10 I10.12 ± 0.31a 44.55 ± 1.07a 16.29 ± 0.81a 8.12 ± 0.35a 20.92 ± 0.82a 0.094a 0.054a 48.95a 51.05a 0.539a

10–20 10.65 ± 0.44a 45.02 ± 1.92b 15.75 ± 0.52b 8.13 ± 0.27a 20.45 ± 0.65a 0.085b 0.047b 51.93b 48.07b 0.567b

20–30 8.79 ± 0.59b 45.53 ± 1.27a 16.16 ± 1.05a 8.64 ± 0.63b 20.88 ± 1.03a 0.084b 0.045b 52.06b 47.94b 0.477c

0–10 II69.32 ± 2.15a 20.07 ± 0.56a 9.36 ± 0.22a 1.11 ± 0.11a 0.14 ± 0.09a

10–20 68.23 ± 1.89b 20.68 ± 0.55b 8.78 ± 0.29b 1.98 ± 0.11b 0.33 ± 0.10a

20–30 68.42 ± 2.55b 19.77 ± 0.63c 9.34 ± 0.37a 2.05 ± 0.18c 0.42 ± 0.12b

Green 
manure 

application
II

0–10 I16.97 ± 1.04a 49.21 ± 0.74a 10.67 ± 0.57a 6.78 ± 0.44a 16.37 ± 0.74a 0.110a 0.077a 32.01a 67.99a 0.689a

10–20 17.31 ± 1.21b 48.58 ± 1.02b 12.05 ± 0.71b 6.97 ± 0.28b 15.09 ± 0.68b 0.109a 0.075a 36.85b 63.15b 0.670a

20–30 16.78 ± 0.88a 48.80 ± 1.12b 12.17 ± 0.48b 7.04 ± 0.56b 15.21 ± 0.92b 0.109a 0.074a 38.72c 61.28c 0.642b

0–10 II57.15 ± 1.41a 23.12 ± 0.17a 15.03 ± 0.11a 3.88 ± 0.08a 0.82 ± 0.05a

10–20 50.45 ± 1.53b 28.22 ± 0.19b 15.67 ± 0.14b 4.49 ± 0.05b 1.17 ± 0.07b

20–30 49.13 ± 1.62c 28.47 ± 0.18c 16.13 ± 0.17a 4.82 ± 0.12c 1.45 ± 0.11b

Note: Indexed explanations of the experimental variants are fully provided in the captions to Table 2, and the 
decoding of indicators is described in the methodology section. I – indicators based on PSDA analysis results; II – 
indicators based on MACA analysis results. Different lowercase letters in the table indicate significant differences 
among treatments at the same soil layer (p < 0.05).
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experiment to the final assessment date in the paired 
comparison between the control and green manure 
variants, with an average annual gradient of 1.41% 
year⁻¹ for the 0–10 cm soil layer, 1.26% year⁻¹ for 
10–20 cm, and 1.11% year⁻¹ for 20–30 cm.

Additionally, increases in the mean weight 
diameter of soil aggregates (MWD) and geometric 
mean diameter of soil aggregates (GWD) were 
observed in the ‘Green manure application II’ 
variant compared to ‘Control II’ by 24.71% and 
54.79%, respectively. This corresponds positively 
with findings that optimization of the structural-
aggregate state of the soil is accompanied by 
increases in both MWD and GWD indicators 
(Aksakal et al., 2020). These morphological 
structural changes in microaggregate soil fractions 
due to green manure application contributed to a 
significant increase in microaggregation dynamics, 
confirmed by the degree of incorporation of 
elementary soil particles into microaggregates 
(DI), which was on average 15.12% higher in the 
green manure variant for the 0–30 cm soil layer at 
the final assessment date compared to control. For 
the same comparison, an increase of 26.41% was 
noted in Fageler’s structure factor (FSF).

Based on similar studies on the impact 
of bio-organic fertilization systems on soil 
microaggregate structure (Hu et al., 2020; Arel, 
2021), it was established that the use of oilseed 
radish green manure created the prerequisites 
for microaggregation and a gradual increase 
in the proportion of 0.05–0.25 mm fractions. 
Considering the earlier mentioned characteristics 
of changes in the structural-aggregate composition 
at the 0.25–10.0 mm fraction level, green 
manure application shifts the distribution curve 
of fractions from a broad abscissa field with an 
ordinate peak at soil fractions greater than 7–10 
mm to a narrower abscissa field with an ordinate 
peak in the 2 to 5 mm range. This occurs due to 
the noted process of organic carbonization of 
soil aggregates, which is more effective in terms 
of optimal dispersity based on physicochemical 
adsorption processes of organic carbon on the 
surface of soil particles and subsequent multistage 
aggregation (according to Wu et al., 2024).

Continuous organic matter accumulation in 
the soil over time will increase soil aggregates 
while simultaneously optimizing other soil 
properties – agrochemical, water, thermal, etc. The 
effectiveness and stability of such aggregation will 
be determined by the biochemical composition 
of the green manure biomass and the specifics 

of its biochemical transformation in the soil 
profile. This is confirmed by Qiang et al. (2024) 
and Stroud et al. (2024) and corresponds with 
the results on water stability of microaggregate 
fractions (Table 3, data index position II), which 
shows a pronounced dynamic decline from 
fractions 0.05–0.25 mm to fractions <0.001 mm.

The distribution of water-stable aggregates 
across microfraction ranges showed marked 
differences at the final assessment date when 
comparing the control and green manure variants. 
Specifically, in the 0–10 cm soil layer at the 
final date, a 16.41% decrease in the share of 
water-stable aggregates in the 0.05–0.25 mm 
fraction range was noted alongside increases 
of 6.43% in the 0.01–0.05 mm fraction, 6.45% 
in the 0.005–0.01 mm fraction, 2.68% in the 
0.001–0.005 mm fraction, and 0.85% in the 
<0.001 mm fraction. Conversely, the ‘Control 
II’ variant, representing prolonged agricultural 
use without fertilization, showed an intensive 
increase in water-stable aggregates in the 0.25–
0.05 mm fraction range with decreases in this 
parameter for other fractions. This agrees with 
earlier noted processes of increasing 1–<0.25 mm 
soil fractions in ‘Control II’ due to degradative 
profile destabilization associated with an 
overall predicted decline in soil organic matter, 
which is identified as the primary aggregating 
factor for soil size fractions. Such dynamics, 
according to various studies (Teh, 2012; Qin et 
al., 2024; Park and Lee, 2025), will favor the 
formation of stable trends towards water-stable 
microaggregation, enhanced erosion resistance 
of soil horizons, and gradual optimization of soil 
agro-physical properties due to the growth of the 
largest fractions within the overall range of 0.25–
<0.0001 mm when oilseed radish is used as green 
manure. These generalizations are confirmed by 
the calculated indicators of the soil’s structural-
aggregate state (Table 4). The observed processes 
of increasing the proportion of water-stable ag-
gregates (WSA) in the soil fraction interval series 
were consistently reflected in the overall increase 
in the total amount of water-stable aggregates.

A steady increase in this indicator was iden-
tified in the sequential monitoring series under 
the use of green manure (sideration). The aver-
age annual growth rate for the 0–30 cm soil layer 
over the entire research period, compared to the 
absolute control, was 1.10% per year, whereas 
the variant without sideration showed a general 
decline rate of 0.18% per year.
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Within the analyzed soil layers, the maximum 
incremental gradient of 1.17% per year was re-
corded for the 20–30 cm horizon, and the mini-
mum – 0.68% per year for the 0–10 cm horizon, 
which confirms the conclusions of Talgre (2013) 
regarding the gradient of sideration effectiveness 
depending on the depth of incorporation of the 
green manure biomass into the soil profile. In this 
study, with a green manure incorporation depth of 
up to 16 cm and intensive tillage averaging 22.55 
± 6.31 cm during the 2014–2025 period, the most 
significant impact on the soil was identified with-
in the 14–25 cm soil profile interval.

For the variants without sideration, the 
maximum decline gradient was observed in the 
0–10 cm soil layer – 0.47% per year, gradually 
decreasing to 0.13% per year in the 20–30 cm 
soil layer. This distribution is supported by the 
evaluation of Medvedev et al. (2020), which in-
dicated pronounced signs of soil cover degrada-
tion under maximal agrotechnological impact in 
the 0–15 cm soil layer.

It has been established (Aksakal et al., 
2020; Dai et al., 2024; Poeplau et al., 2024) that 

optimization of the structural-aggregate state of 
the soil, from the perspective of agronomically 
sound practice, results in higher values of MWD 
(mean weighted diameter) and GMD (geometric 
mean diameter) under both dry and wet sieving 
conditions (MWDwet, GMDwet). These conclu-
sions are confirmed by the results of this study. 
Averaged over the 0–30 cm soil layer, MWD and 
GMD values under dry sieving at the final obser-
vation date in the sideration variant were 30.59% 
and 22.02% higher, respectively, compared to the 
absolute control variant, and 55.23% and 41.23% 
higher compared to the variant without sideration 
at the same observation date. Comparing the vari-
ant without sideration and the absolute control 
revealed a decrease in these indicators by 15.87% 
and 13.66%, respectively. Under wet sieving, 
while maintaining the same dynamics, more sig-
nificant increases were identified for the sider-
ation variant, with average coefficients of 1.32 for 
MWDwet and 1.24 for GMDwet. The MWD/GMD 
ratio also differed significantly: at the final obser-
vation date, it was 1.29 for the sideration variant 
and 1.18 for the variant without sideration. For 

Table 4. Additional parameters for assessing the structural-aggregate state of the soil in experimental variants 
based on the combined methods of dry and wet sieving (for the comparative period 2014–2025 for the basic soil 
fraction range 0.25–10.0 mm)*

Experimental 
variant

Soil
layer,
cm

WSA, 
%

MWD, 
mm

GMD, 
mm

MWDwet, 
mm

GMDwet, 
mm SSI PSDI, 

% PAD, % SAI, % SMaI, % MWAS, 
% Sw K-factor FD Cs D, mm

2014

Absolute 
control

0–10 49.01a 2.53a 1.96a 0.65a 0.33a 0.26a 74.28a 46.29a 35.80a 21.38a 26.04a 74.28a 0.078a 2.62a 1.94a 35.92

10–20 48.12b 2.52a 1.98a 0.65a 0.33a 0.26a 74.33a 47.66b 34.95b 20.84a 24.06b 74.33a 0.082b 2.62a 1.84b –

20–30 47.55c 2.43b 1.93b 0.64a 0.32a 0.26a 73.60b 48.17c 34.19b 20.33b 21.78c 73.60b 0.071a 2.64b 1.60c –

2019

Control I

0–10 46.07a 2.19a 1.90a 0.55a 0.29a 0.25a 74.71a 48.74a 34.16a 18.94a 23.66a 74.71a 0.086a 2.66a 1.68a 39.21

10–20 45.81a 2.04b 1.82a 0.51a 0.28a 0.25a 74.81a 49.24a 33.19b 17.99b 22.80a 74.81a 0.088a 2.66a 1.57a –

20–30 48.22b 2.02b 1.78b 0.60b 0.31a 0.29b 70.55b 46.82b 34.49c 19.87c 20.94b 70.55b 0.080b 2.68b 1.42b –

Green manure 
application I

0–10 52.22a 2.95a 2.17a 0.80a 0.38a 0.27a 72.82a 43.72a 38.27a 24.66a 26.71a 72.82a 0.056a 2.55a 2.39a 31.74

10–20 57.23b 2.94a 2.22b 0.90b 0.43b 0.31b 69.42b 38.54b 40.40b 27.19b 27.39b 69.42b 0.051b 2.59b 2.38a –

20–30 59.54c 2.86b 2.17a 0.92b 0.45b 0.32b 67.66c 36.15c 41.66c 28.46c 29.14c 67.66c 0.049b 2.60b 2.36a –

2025

Control II

0–10 43.36a 1.97a 1.67a 0.49a 0.28a 0.25a 74.89a 50.60a 33.34a 17.69a 19.65a 74.89a 0.105a 2.74a 1.48a 45.66

10–20 44.70b 1.96a 1.66a 0.49a 0.28a 0.25a 75.21a 49.15b 33.17a 17.62a 20.25a 75.21a 0.102a 2.72b 1.44a –

20–30 46.02c 1.90b 1.63b 0.52a 0.29a 0.27a 72.89b 47.71c 33.07a 18.01a 20.34a 72.89b 0.100a 2.70b 1.29b –

Green manure 
application II

0–10 57.15a 3.00a 2.28a 0.97a 0.45a 0.32a 67.69a 38.18a 43.12a 29.65a 30.66a 67.69a 0.049a 2.52a 2.76a 26.83

10–20 61.30b 3.04b 2.35b 1.07b 0.50b 0.35b 64.69b 34.56b 44.68b 31.82b 32.41b 64.69b 0.044b 2.54b 2.77a –

20–30 61.55b 3.01a 2.38b 1.03b 0.49b 0.34b 65.72b 33.68c 44.12b 31.10b 31.85b 65.72b 0.045b 2.55b 2.62b –

Note: Indexed explanations of the experimental variants are fully provided in the captions to Table 2; the decoding 
of the indicators is in the Methods section. Different lowercase letters in the table indicate significant differences 
among treatments at the same soil layer (p < 0.05).
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the wet sieving variant, these ratios were 2.13 and 
1.76, respectively. Comparing the ratios MWD/
MWDwet and GMD/GMDwet for dry and wet siev-
ing showed values of 2.95 and 3.89, and 4.87 and 
5.84, respectively, for the corresponding experi-
mental variants. Based on assessments by Zhou 
et al. (2020), Arel (2021), Li et al. (2024), and 
Dai et al. (2025), the lower value of this ratio for 
the mean weighted morphometric parameters of 
soil fractions indicates a consistent increase in 
the proportion of water-stable aggregates and 
enhancement of hydrophobic properties of soil 
aggregates in the sideration variant, as well as 
an overall optimization of soil dispersion. This 
positively correlates with the potential structural 
deformation index (PSDI), which for the 0–30 cm 
soil layer decreased by 8.13% in the sideration 
variant at the final observation date compared to 
the absolute control, confirming, based on Ding 
and Zhang (2016), a gradual and stable process of 
restoring agronomically valuable soil structure.

These conclusions were also confirmed by 
the value of the soil stability index (SSI), which 
is considered an identifier of the overall water 
stability of soil aggregates, as it determines their 
weighted average morphometry after wet sieving 
compared to the analogous morphometry after 
dry sieving (Franzluebbers et al., 2022). This 
indicator, across the variants, demonstrates a 
consistent cumulative increase in the treatments 
with green manure at all observation dates, 
with a growth coefficient of up to 1.31 relative 
to the variant without green manure at the final 
observation date.

It should be noted that in the control variants 
without green manure, the formation of SSI 
was specific. Throughout the study period, 
this indicator showed relative stability with an 
average value for the 0–30 cm soil layer at the 
level of 0.26–0.27. However, this pattern resulted 
from an increase in its value in the 20–30 cm soil 
layer and a decrease in the 0–20 cm soil layer. 
The identified dynamics of decreasing MWD 
with depth, against the opposite increase of 
MWDwet, indicate internal profile processes of 
eluviation with the displacement of soil particles 
having a high potential deformation index (DI) to 
the lower horizons of the profile. For the variants 
with green manure, this pattern gradually changes 
with the increasing duration of the green manure 
practice, shifting the maximum SSI value to the 
10–20 cm soil horizon. These processes are also 
confirmed by the composite indicator mean weight 

aggregate stability (MWAS), which combines the 
morphometry of soil aggregates and their water 
stability in a single interrelated complex.

In the ‘Control II’ variant at the final 
observation date, compared to the initial control 
variant, a decrease in this indicator by 11.72% was 
noted, against its increase in the ‘Green Manure 
Application I’ variant under the same comparison 
by 39.26%. Considering the research results of 
Aksakal et al. (2020), this confirms the previously 
identified stable processes in the green manure 
variants of predominantly forming soil aggregate 
fractions in the 3–7 mm range, with a significant 
increase in their water stability. As a result, due 
to the defined high direct correlation (r = 0.853, 
p < 0.01) between MWAS and SSI indicators, a 
simultaneous positive effect in optimizing both 
the structural-aggregate composition of soils 
and the proportion of water-stable aggregates is 
confirmed through the consistent use of oilseed 
radish as green manure.

Furthermore, based on the studies of Hu et 
al. (2018) and Xu et al. (2024), this pattern of 
formation confirms the property of green manure 
to optimize not only the structural-aggregate 
state of the soil but also to influence the complex 
hydrophysical properties and processes of soil 
particle movement in a unified system with 
corresponding vectors and intensities of moisture 
movement through the soil profile. Green 
manure allowed localization and optimization 
of this process, reducing the sensitivity of soil 
aggregates to moisture redistribution within 
the soil profile, especially under conditions of 
excessive intensive wetting, and particularly 
its consequences in variants of intra-profile 
infiltration. These results are supported by values 
of indicators such as Susceptibility of Soil to 
Wetting (Sw) and Erodibility (K-factor), which 
showed minimal values overall for the 0–30 
cm soil layer (with a maximum in the 10–20 
cm layer) in the ‘Green Manure Application II’ 
variant. At the same time, the overall reduction 
of these indicators compared to the ‘Control II’ 
variant averaged 11.16% and 55.05% for the 
0–30 cm soil layer, respectively.

Considering that the Sw indicator identifies 
the impact of water on soil aggregate breakdown 
in terms of increasing their miniaturization 
degree (Klíč, 2024), and the erodibility (K-factor) 
determines soil erosion resistance (Ding and 
Zhang, 2016; Tian et al., 2022; Li et al., 2024), 
green manure ensured a significant optimization 
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of the resistance potential of the upper horizons of 
the soil profile against destruction by atmospheric 
precipitation and downward water flow.

The application of green manure had a positive 
effect on a complex of indicators that determine the 
degree of soil layer structuring (stable aggregates 
index (SAI), stable macroaggregates index 
(SMaI), fractal dimension (FD)), as well as the 
degree of expression of this structuring in terms 
of its potential reduction under the influence of 
water and compaction (PSDI and PAD) (Table 4). 
Specifically, on average for the 0–30 cm horizon, 
the SAI increased by 9.79% in the ‘Green Manure 
Application II’ variant compared to the ‘Absolute 
Control’ variant, while the SMaI increased by 
11.22%, simultaneously with a reduction in these 
values in the variant without green manure by 
1.00% and 1.87%, respectively.

According to the gradation classification of 
land categories by Márquez et al. (2004), based 
on the recorded values of SAI and SMaI, the soil 
cover in the ‘Green Manure Application II’ variant 
– with values greater than 35% for both indicators 
– corresponds to the ‘Cropped system’ category 
with a pronounced soil rehabilitation process. For 
the ‘Control II’ variant, with indicator values less 
than 35% and 20%, respectively, the soil cover 
corresponded to the ‘Cropped system’ category 
exhibiting signs of soil agro-physical degradation. 
At the same time, green manure significantly 
reduced soil aggregate destruction according to 
the proportion of aggregate destruction (PAD) 
index – its value was minimal precisely in the 
green manure variant, averaging 35.47% for the 
0–30 cm soil layer, which was 12.99% lower 
than in the absolute control variant and 13.68% 
lower than in the ‘Control II’ variant. According 
to Kemper and Rosenau (1986), such dynamics 
indicate intensification of the soil aggregation 
process, especially in the 10–30 cm soil layer, 
which confirmed earlier conclusions by Talgre 
(2013) regarding the localized intensifying effect 
of the green manure biomass.

Regarding the fractal dimension (FD) of 
the soil structural-aggregate state, the average 
value for the 0–30 cm soil layer in the ‘Green 
Manure Application II’ variant was 4.28% lower 
compared to the absolute control and 6.41% 
lower than in the ‘Control II’ variant. Based on 
a series of analytical evaluations (Pirmoradian 
et al., 2005; Lawal, 2022), this proves the 
positive influence of green manure application on 
reducing the overall variability of soil aggregate 

morphometry, forming a more uniform soil 
dispersed environment, and the anticipated 
associated optimization of derivative agro-
physical indicators.

In summary, the positive shifts in the 
formation of the structural-aggregate state of the 
soil in variants with oilseed radish green manure 
positively influenced the widely used soil science 
indicator – the coefficient of structurality (Cs). 
This indicator increased more than 1.6 times in 
the green manure variants at the final observation 
date relative to the absolute control. According 
to the gradation of this indicator (Medvedev 
et al., 2020), the ‘Green Manure Application 
II’ variant reached a Cs level corresponding to 
good conditions (Cs > 2.0), while the ‘Control II’ 
variant showed satisfactory conditions (Cs < 1.5). 
These formation features are clearly illustrated by 
the data in Figure 6.

The optimization state of the arable horizon 
soil profile structure was additionally confirmed 
by digital processing of soil surface images 
after the respective tillage treatment, using the 
separation length criterion of soil structural 
aggregates (D) (Figures 7–8).

It was established that the consistent use of 
green manuring with oilseed radish levels the 
morphometry of soil aggregates in the topsoil 
layer during identification after early spring 
tillage at the state of physical maturity. This 
nearly halves the range of interval grouping of 
soil aggregates according to the D criterion, 
reduces the overall variability of morphometry 
(as measured by the coefficient of variation, Cv) 
by 13.89%, and decreases the average D value 
for the identified aggregate population by 1.7 
times. These results positively correlate with 
the identified trends in soil fraction formation 
according to PSDA analysis and the observed 
dynamics in the formation of the FD indicator of 
the soil’s structural-aggregate state.

The system of allelopathic adaptive 
mechanisms of oilseed radish, in terms of its 
influence both on subsequent crops and on soil 
phytotoxicity (Tsytsiura, 2022; Tsytsiura and 
Sampietro, 2024), has necessitated an assessment 
of the agrobiological and agroecological 
feasibility of the long-term use of oilseed radish 
green manure on the same field based on the 
criterion of phytotoxicity. The results of this 
assessment are presented in Figure 9. According 
to the presented data, the green biomass of 
oilseed radish is classified as a plant component 
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with a relatively high level of allelopathic 
activity, which positively correlates with its 
established biofumigation potential (Duff et al., 
2020; Tsytsiura, 2024a) and with the evaluation 
of allelopathically active compounds in the leaf-
stem biomass of cruciferous species (Grodzinsky, 
1973; Almhemed and Ustuner, 2023). These 
features contributed to an overall increase in soil 
phytotoxicity based on its biotesting.

It was determined that under the systematic 
use of oilseed radish green manure, soil 
phytotoxicity increased both in the control 
treatment without green manuring and in the 

treatment with its application, although the rates 
of increase differed significantly. On average, 
for the 0–30 cm soil layer, the increase in 
phytotoxicity during the comparison period of 
the reference dates was 0.116 CCU (conditional 
coumarin units) year⁻¹ in the control treatment, 
while under systematic green manuring it 
was 0.281 CCU year⁻¹. The dynamics of 
phytotoxicity increase in the control treatment 
can be explained by the conclusions of Ohno 
et al. (2000), regarding the general decrease 
in the rate of plant residue immobilization 
against the background of identified soil 

Figure 6. Soil surface condition on the third day after early spring disking to a depth of 10–12 cm
depending on the experimental variants, 2014–2025. Note: a – Absolute Control (2014); b – Control I (2019);

c – Green Manure Application I (2019); d – Control II (2025); e – Green Manure Application II (2025)

Figure 7. Results of morphometric determination of soil aggregates using the BaseGrain v. 2.2.0.4 software 
based on the separation length criterion of soil structural aggregates (D, mm) on frontal images of the soil surface 

after spring disking to a depth of 10–12 cm (Position A – experimental variant ‘Control I’,
Position B – variant ‘Control II’, Position C – variant ‘Green manure application I’,

Position D – variant ‘Green manure application II’; blue lines of vertical and horizontal orientation
on soil aggregates indicate the axes as linear parameters of the Feret diameter (Figure 1))
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degradation, the accumulation of plant residues 
with a low decomposition rate, and the creation 
of prerequisites for an overall rise in soil 
phytotoxicity. According to Grodzinsky (1973), 
a phytotoxicity level of 20 CCU is critical in 
terms of significantly affecting not only the 
germination of subsequent crops but also the 

overall growth processes at the early stages of 
their vegetation. Based on this, the applied green 
manuring regime (once every two years), with 
an attainable average level of 11.17 CCU in the 
0–30 cm soil layer, allows for agronomically 
acceptable rates of soil phytotoxicity increase 
while maintaining a positive effect on soil 

Figure 8. Results of statistical clustering of the identification of the separation length criterion
of soil structural aggregates (D, mm) on frontal photographs of the soil surface after spring disking to a depth

of 10–12 cm in 2025 (left position – ‘Control II’ experimental variant,
right position – ‘Green manure application II’ experimental variant)

Figure 9. Dynamics of soil phytotoxicity under different green manuring treatments,
conditional coumarin units (CCU) (2014–2025). Note: Explanations of experimental treatments are provided

in the footnotes of Table 2. Different lowercase letters indicate significant differences among treatments
within the same soil layer (p < 0.05)
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agrophysical properties, and can therefore be 
recommended for gray forest soils. In contrast, 
annual systematic application of oilseed radish 
green manure on the same field, according to 
Grodzinsky (1991), is highly likely to lead to a 
substantial increase in phytotoxicity, exceeding 
the 20 CCU threshold. Once again, drawing 
on the assessments of Tiquia et al. (1996) for 
soils of a different type and under alternative 
intensities of green manuring, this issue requires 
further investigation.

CONCLUSIONS

Systematic use of green manure in grain-
row crop rotations on gray forest soils under 
conditions of unstable moisture, compared to 
the variant without green manure over a long-
term period, ensured positive changes in the 
complex of aggregate-structural soil parameters. 
The main changes included a positive increasing 
average comparable dynamic for the 0–30 cm 
soil layer in the share of agronomically valuable 
structure, 0.25–10.0 mm CAVS by 9.04%, the 
share of water-regulating fractions, 1.0–3.0 mm 
CWRF by 3.31%; the share of wind-resistant 
aggregates >1 mm CWRA by 4.56%, and the 
share of water-stable aggregates by 13.19%, 
accompanied by increases in the soil stability 
index by 1.3 times, stable aggregates index by 
1.29 times, stable macroaggregates index by 
1.57 times, and the coefficient of structurality by 
1.67 times. These changes enhanced soil erosion 
resistance due to nearly a twofold reduction 
in the erodibility factor (K-factor), stabilized 
the spatial morphometry of soil aggregates by 
reducing the Fractal Dimension criterion of the 
soil structural state by 4.28%, and the separation 
length criterion of soil structural aggregates by 
1.7 times. As a result, green manure application 
achieved the formation of an optimized structural-
aggregate state of the arable soil horizon with an 
overall reduction of multifactorial destruction 
of soil aggregates by 12.99% according to the 
comprehensive criterion proportion of aggregate 
destruction (PAD).

Given the overall positive effect on the 
complex of soil agrophysical parameters, the 
feasibility of applying oilseed radish green 
manuring once every two years on the same field 
has been demonstrated.
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