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Abstract. This paper presents the results of a five-year application of mineral NPK and the ameliorative 

use of lime and manure on the change in compaction of pseudogley soil, with specific physical properties 

of the soil serving as indicators of its quality. At each treatment, soil samples were taken, and the most 

important physical properties were analysed. The work also included field soil compaction measurement 

with the penetrologer Eijkelkamp hardware version 6.0. Soil properties and soil compaction values were 

compared, and their correlations were analysed. The research results showed that the multi-year meliorative 

application of lime, manure and mineral fertilisers reduced soil compaction, on average, by 3.0 times in the 

0-50 cm profile or up to 1.7 times in the 25-30 cm profile. The compaction of the studied soil (in MPa), 

especially in the surface layer (0-5 cm), varied significantly over the years of research, ranging from 1.08 

(second year of research) to 3.30 MPa (fifth year of research). Micromorphological characteristics 

(aggregate composition, water resistance of structural aggregates, volumetric mass, and total porosity) 

clearly demonstrate a significant indirect influence on soil compaction, as evidenced by a strong correlation 

with soil compaction. Soil compaction exhibits a similar trend to water retention capacity (WR) and an 

opposite trend to water filtration rate (WFR). Reduction of compaction due to significant improvements in 

micromorphological and water characteristics of the soil, particularly in unfavourable climatic conditions, 

promotes the combined use of organic matter (manure) and limestone (Ca2+) for a faster increase in the 

productivity of degraded pseudoclass. 

Keywords: ameliorative fertilisation, soil compaction, water retention, manure 

Introduction 

According to the FAO (WRB, 2006), the classification of pseudogley falls under the 

stagnogley soil class, which has limited productive capabilities but is widely utilised in 

agriculture due to its extensive distribution. Dworschak and Milbert (2015) note in the 

German soil classification that soil affected by stagnating water belongs to the 

Pseudogleys. Pseudogleys cover significant areas of Serbia, accounting for approximately 

285,000 ha, or 78.73% of the total land area in Western Serbia (Tanasijević et al., 1966). 

Pseudogleys are relatively poor in alkalis, exhibiting a medium to strongly acidic reaction. 

The acid reaction of pseudogley, its low humus content, and a low supply of available 

phosphorus and potassium are limiting factors for higher crop yields (Dugalic et al., 

2005). It is believed that agricultural production in Central Serbia occupies over 60% of 

the soil with an acidic reaction. The production of plants on such soils is significantly 

reduced. They have a highly unfavourable structure and a low content of organic matter. 

Pseudogley soils in Serbia are characterized by poor chemical and physical properties that 

limit yields but are still used on large areas due to favorable topographic location and lack 

of quality soil (Dugalić et al., 2025). In compacted soils, nutrient absorption is weaker, 

resulting in less developed plant roots and a decrease in the yield of cultivated plants 
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(Colombi et al., 2019; Shaheb et al., 2021; Liu et al., 2022; Nassir et al., 2024). The 

structure of such soils deteriorates, and some of the soil functions are lost (Schjonning et 

al., 2015, 2016). The structure of agricultural soil, together with its aggregates, which are 

the basic unit of structure, play an important role in biological and physical processes 

within the soil (Gupta et al., 2015; Tagar et al., 2020; Bali et al., 2021). The intensification 

of plant production increases the risk of soil compaction, with a particularly pronounced 

impact on deeper soil profiles (Vanderhasselt et al., 2024). One of the primary reasons 

for soil compaction is the use of heavy machinery, as a large number of machines pass 

over the soil during cultivation. Thus, Yang et al. (2022) point out that reducing the 

number of passes, i.e. controlled traffic, can lead to an increase in plant yield by 16 to 

38% and to a decrease in the volume density of the soil in the upper layers by 4 to 6%. 

The same authors note that the application of amelioration measures aimed at reducing 

soil compaction can increase plant yield by 9 to 10% and decrease bulk density by 3%. 

According to these authors, the omission of soil compaction reduction processing can 

decrease the yield of cultivated plants and increase the volume density of soil in the upper 

layers. The soil structure plays a crucial role in creating conditions that support the 

optimal development of plant and animal life. Also, soil structure is vital to sustainable 

food production, although its role is often overlooked. Different ways of soil use and 

management can, to a significant extent, affect the stability of structural aggregates as an 

index of the state of the structure and quality of the soil (Czyz and Dexter, 2009; Josa et 

al., 2010; Yuan et al., 2023). The low stability of structural aggregates can significantly 

impact the soil's sensitivity to degradation processes (Lipiec et al., 2006; Shein et al., 

2010; Gregory et al., 2015). Soil compaction has significant ecological importance and 

plays a crucial role in mechanical processing. The greater the soil compaction, the more 

excellent the resistance it provides to the working organs of the processing machines. 

Then, a greater traction force is required when moving the walking mechanisms on the 

surface due to increased resistance. The optimal conditions for processing are those where 

the soil compaction is 1-1.5 MPa. For most cultivated grains, the upper limit, above which 

the conditions of growth and development deteriorate sharply, is soil compaction of 1.5 

to 1.9 MPa, and for root and tuber plants, 0.5-1 MPa. The compaction of pseudogley soils 

is a significant problem that farmers often overlook; it occurs in subsoil horizons and is 

rarely visible on the soil surface. Soil compaction is a physical form of degradation, and 

compacted soils typically have an unfavourable and unstable structure, as well as a high 

volume mass, with an increased risk of erosion and pollution (Tullberg, 2010; Mueller et 

al., 2010). Increasing soil compaction prevents water infiltration and the flow of sufficient 

oxygen to the root system, inhibiting growth and reducing plant yields. High soil 

compaction reduces aggregate stability and decreases macroporosity (Swartz et al., 2003; 

Nawaz et al., 2013). Therefore, the consequence of the aforementioned soil changes is 

ecological degradation, which includes the loss of water, biodiversity and other plant 

resources (Isirimah, 2004; Ezeaku and Alaci, 2008). Soil compaction is significantly 

influenced by its moisture content. With increasing humidity, compaction decreases 

significantly. A study by Nyeki et al. (2017) indicates that changes in soil moisture 

content have the opposite effect on the natural compaction of clay. In addition to the 

above, soil compaction highly depends on the composition of adsorbed cations. Thus, the 

compaction of chernozem, whose adsorptive complex is saturated with Ca2+ ions, is 10-

15 times lower compared to the compactness of solonetz, whose adsorptive complex is 

saturated with Na+ ions (Kauričev et al., 1979). Highly humic soils, saturated with 

divalent cations, have lower compaction than weakly humic soils. According to 
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Aggelides and Londra (2000), when more significant amounts of organic matter are 

introduced into the soil, there is an increase in the content of retention water in the soil 

and a decrease in its compaction. According to Puzniak et al. (2022) combined application 

of organic and mineral fertilizers created optimal conditions for the development of 

functional groups of microorganisms. The soil texture has a direct influence on soil 

compaction. Dry clay soils have significantly higher resistance than sandy ones. Applying 

pedomeliorative measures and fertilisation on soils with a low pH value is an effective 

method for improving their fertility, increasing the yield and quality of cultivated plants, 

and enhancing the physical properties of the soil. Compacted soils are difficult to 

recognise. The application of heavy mechanisation and large machine wheels is drawing 

increasing attention to the topic of soil compaction and producers' awareness of this issue 

(Ramazan et al., 2012; Keller et al., 2019). The long-term application of organic and 

mineral fertilisers can have a positive effect on the change of soil structure as well as on 

the composition of soil aggregates, which together affect the distribution and availability 

of nutrients in the soil (Maltas et al., 2018; Wang et al., 2020; Das et al., 2023). Thus 

Shahgholi et al. (2018) state that the application of organic matter affected the reduction 

of compaction, whereby with the application of 8% organic matter, soil compaction was 

reduced by 9.25%.  In this paper, we begin with the assumption that applying different 

ameliorants of mineral and organic origin, in addition to their effect on improving specific 

chemical and physical properties of the soil, can significantly affect the state of 

compaction. However, changes in most physical traits are very slow and usually occur 

over a long period (Puglisi et al., 2006; Pupin et al., 2009). Adding compost to the soil, 

along with tillage, improved its physical and mechanical properties and reduced 

compaction, with the first noticeable changes occurring after 24 months 

(Mohammadshirazi et al., 2017). The study by Dugalic et al. (2024) indicates that a 

positive effect of calcification and fertilization was observed after a two-year experiment 

on pseudogley-type soil in maize production. 

These studies aimed to determine the effect of the combined application of different 

doses of mineral, organic, and lime fertilisers on the compaction of pseudogley-type soil 

and its relationship with the most important physical properties. 

Materials and methods 

This study was conducted over five years in the Kraljevo region, Western Serbia 

(43°43'53.7" N, 20°40'11.4" E), on a Pseudogley soil at the Kraljevo location, 215 m 

above sea level, in a temperate continental climate with an average annual temperature of 

8.1°C, typical of western regions in Serbia, and a rainfall amount of about 540 mm. The 

study was conducted at the experimental field of Dr. Djordje Radic Secondary School of 

Agriculture and Chemistry in Kraljevo (Figures 1, 2). 

The experiment was set up in a randomised block system with three replications. The 

following treatments were included in the experiment: T1 (100 kg N ha-1, 80 kg P2O5 ha-1, 

60 kg K2O ha-1); T2 (100 kg N ha-1, 160 kg P2O5 ha-1, 60 kg K2O ha-1); T3 (100 kg N ha-1, 

80 kg P2O5 ha-1, 60 kg K2O ha-1+5.0 t CaCO3 ha-1); T4 (120 kg N ha-1, 80 kg P2O5 ha-1, 

60 kg K2O ha-1+5.0 t CaCO3 ha-1+20 t manure ha-1), while T0 was the control. The forms 

of fertilisers applied were complex NPK fertiliser (8:24:16), superphosphate (17% P2O5), 

ammonium nitrate (AN = 34.4% N), manure, and powdered limestone. Manure and 

limestone were applied every third year (in the first, second, and last years) in the fall, 

during basic tillage, and were introduced with a heavy plate to a depth of 20 cm. The 
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treatments were carried out on plots of 50 m² (5 x 10 m). The treatments were applied 

alternately to two fields (A and B) with a wheat-maize crop rotation. Measurements were 

taken at six depths: 0-5 cm, 5-10 cm, 10-15 cm, 15-20 cm, 20-25 cm, and 25-30 cm. 

Measurement of soil compaction was performed on the control and all treatments and 

depths using Penetrologer Eijkelkamp hardware version 6.0, software version 6.03, and 

Penetroviewer version 6.07, which is intended for measuring soil compaction up to 80 cm 

deep. The measurement was performed by pressing a cone with a surface area of 1 cm² 

and a cone tip of 600 μm according to the NEN 5140 standard at a penetration speed of 

2 cms-1, with a deviation not exceeding 0.5 cm s-1. The cone is of a standard size, defined 

according to the ASAE standard (ASAE S313.1). Before starting the measurement, a 

depth reference plate was placed, and the location of the plot, as determined by GPS, and 

the soil moisture levels were recorded. When measuring soil compaction, the slope of the 

penetrologer did not exceed 3.50 in relation to the vertical (the level of the penetrologer 

was used), and the speed of penetration was monitored using the speed indicator on 

display, which was near the middle position. At all treatments and depths of 10-30 cm, 

soil samples were taken to analyse physical and chemical soil properties. Soil samples 

were taken in three replicates using Kopecky cylinders with a volume of 100 cm3. The 

mechanical and chemical composition of the soil was determined using standard 

laboratory methods. 

 

  

Figure 1. Area of research Figure 2. Satellite snapshot of the 

experimental field 

 

 

The soil texture was determined by the pipette method, with sample preparation for 

analysis by the E-variant of the pyrophosphate method (Zivkovic, 1966), aggregate 

analysis by dry sieving by the Savinov method, macroaggregates stability by the Tyulin-

Savinov method, volumetric mass (DM) by Kopecky cylinders of 100 cm3, total porosity 

(TP) and air capacity (AC) by calculation, water retention capacity (RW) according to 

Gračanin (Vucic, 1976) with Kopecky cylinders with a volume of 100 cm3, filtration rate 

(DC) with the Darsy-Thiem apparatus (Vucic, 1976), whereby Kopecky cylinders with a 

volume of 100 cm3 with samples soil is placed in that device in which water under 

constant pressure (h) passes through the sample and is collected in vessels for 

measurement. The calculation procedure is as follows: 

 

 𝑘 =
𝑄 x 𝐿𝑑𝑦

ℎ x 𝐹 x 𝑡
 (Eq.1) 
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where, k-speed of water permeability (cm sec-1), Q-amount of filtered water (cm3) in time 

t (sec), L- length of the soil sample in the cylinder (cm), h- height (pressure) of the water 

column (cm), F- the surface of the soil sample in the Kopecky cylinder (cm2). 

The soil's hydrolytic acidity was determined by Ca acetate extraction using Kappen's 

method, and the humus was determined using the Kotzman method. 

The paper analysed the compaction of pseudoglay depending on the climatic 

conditions of the year and the application of various varieties of organic and mineral 

fertilisers. The dependence between soil compaction and soil aggregate composition was 

also established through Pearson's correlation coefficient; the dependence between soil 

compaction and water resistance of structural aggregates and the dependence between 

soil compaction and some soil characteristics. 

The mean values obtained were subjected to analyses of variance using the SAS 

Institute's PROC ANOVA subroutine (1999) (Correa et al., 2022; Dugalic et al., 2025). 

According to the soil texture (Table 1) and based on the depth and diameter of the 

fractions, this soil belongs to the heavy loam category. 

 
Table 1. Soil texture of the examined pseudogley 

Depth 

(cm) 

Diameter (mm) Texture 

class 

(Kaczynski) 
2.0-0.25 0.25-0.05 0.05-0.01 0.01-0.005 0.005-0.001 <0.001 <0.01 

0-10 4.67 4.45 42.85 10.74 13.62 23.67 48.03 Heavy Loam 

10-20 4.02 5.19 44.63 11.10 14.25 20.81 46.16 Heavy Loam 

20-30 4.45 5.26 43.48 11.27 13.24 22.30 46.31 Heavy Loam 

 

 

According to the depth of the impervious or very poorly permeable horizon, the studied 

pseudoglay belongs to medium-deep soils because the impervious horizon is located at a 

depth of 35-45 cm, which is one cause of its poor productive capacity and increased 

compaction. 

As shown by the analysis of the most important chemical properties in Table 2, the 

humus horizon of the studied pseudoglay is characterised by a very low humus content 

(below 2.18%). In all three investigated depths, the soil shows a pronounced degree of 

acidification (pHKCl < 4.5). 

 
Table 2. Some chemical characteristics of soils 

Depth 

(cm) 

Humus 

(%) 

pH Y1 

(cm3) 

T-S S T V 

(%) H2O nKCl (mekv/100 g) 

0-10 2.18 5.24 4.45 15.47 8.63 8.08 16.71 48.35 

10-20 1.84 5.50 4.48 14.05 8.12 7.98 16.71 49.04 

20-30 0.66 5.46 4.42 13.98 6.90 9.79 16.69 58.66 

 

 

Also, hydrolytic (Y1) and total acidity (T - S) are generally relatively high. At the same 

time, the sum of exchangeable-adsorbed base cations (S) and the degree of soil saturation 

with exchangeable-adsorbed base cations (V) is low (below 50%). 

Based on their chemical composition, pH value, and humus content, these types of soil 

require meliorative repairs for agricultural production to be successful. 
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The total amount of precipitation and its distribution throughout the year is of great 

importance for successful plant production. During the research period, the highest 

amounts of precipitation (861.4 and 804 mm) were recorded in the second and third years, 

respectively, while the lowest amounts (511.7 and 597.3 mm) were recorded in the fourth 

and fifth years of the study. Comparing the total amounts of precipitation by the years of 

the study with perennial average, it can be concluded that the were significantly varied 

(Table 3). 

 
Table 3. Amount of precipitation in the examined period and perennial average (Source: 

Republic Hydrometeorological Service of Serbia) 

Month 

Precipitation (mm) 

Year 

I II III IV V 

January 32.6 47.0 34.0 28.1 107.1 

February 22.1 55.5 81.6 59.1 54.9 

March 72.4 72.0 38.6 48.9 24.5 

April 62.9 22.8 100.2 37.1 69.1 

May 40.1 36.2 84.0 82.9 105.5 

June 73.4 194.0 136.4 71.7 17.8 

July 153 58.1 38.2 37.3 45.3 

August 57.1 59.3 74.0 18.7 0.0 

September 72.3 17.8 24.0 32.1 7.7 

October 39.8 137.9 93.6 30.4 56.7 

November 48.2 63.1 34.1 1.7 11.1 

December 41.1 97.7 64.9 63.7 97.6 

Total 715.0 861.4 804.0 511.7 597.3 

Mean 1981-2010 740.3 

 

 

The total annual amount of precipitation is significant for the physical properties of 

the soil. In years with a higher total precipitation, there is better nutrient uptake and 

improved plant growth. According to Biberdzic et al. (2020), higher soil moisture content 

reduces the solid phase content, which reduces soil compaction. 

Results and discussion 

The five-year measurement of soil compaction by year of research is shown in Table 4. 

Soil compaction depended on the year of research. Thus, the highest average soil 

compaction was recorded in the fourth and fifth years (5.28 and 6.33 MPa), and the lowest 

in the second and third years (2.43 MPa), corresponding to the periods with the most 

precipitation. Differences in compaction from year to year are primarily determined by 

the total precipitation amounts accumulated during those years. In all years of testing, the 

lowest compaction was observed in the 5-10 cm profile, which was statistically 

significantly lower than in the deeper soil profiles. Extremely high compaction was 

measured in all depths of the examined soil profile in the fifth year, ranging from 

3.30 MPa (0-5 cm) to 8.25 MPa (25-30 cm). Additionally, during the first and fourth 

years, high soil compaction was measured in the same test period, specifically at 2.28 and 

1.88 MPa at a depth of 0-5 cm, respectively, and at 6.96 and 7.82 MPa at a soil depth of 

25-30 cm. The soil's high compaction results from a substantial deficit of moisture and 

dryness at the depth of the arable horizon, as well as unfavourable physical properties. 
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Table 4. Influence of the test period (years) on soil compaction (MPa) (control) 

Depth 

(cm) 

Years 

I II III IV V 

0-5 2.28 ± 1.131 1.0 8 ± 0.41 1.28 ± 0.41 1.88 ± 1.29 3.30 ± 0.48 

5-10 3.38 ± 1.28 1.48 ± 0.35 1.58 ± 0.49 3.66 ± 1.46 4.64 ± 0.73 

10-15 6.33 ± 2.19 2.72 ± 0.61 2.10 ± 0.66 4.85 ± 1.46 6.26 ± 1.21 

15-20 4.86 ± 1.83 2.44 ± 0.73 2.52 ± 0.80 6.20 ± 1.36 7.56 ± 1.12 

20-25 6.52 ± 1.93 3.10 ± 1.03 3.24 ± 0.99 7.31 ± 1.09 7.98 ± 0.94 

25-30 6.96 ± 1 .82 3.78 ± 1.17 3.88 ± 1.14 7.82 ± 1.07 8.25 ± 0.56 

Mean 5.05 2.43 2.43 5.28 6.33 

1Values of the standard error of the mean are given after ± 

 

 

Thus, the drying of soil due to intense radiation and evaporation results in the 

accelerated oxidation of organic matter, leading to its significant reduction and more 

substantial degradation of soil aggregates, as well as an increase in soil compaction 

(Abrishamkesh et al., 2011). However, soil compaction was significantly reduced during 

the years with a significantly more favourable rainfall regime in the examined period (the 

second and third years of the examination). Thus, it ranged from 1.08 to 1.28 MPa in the 

0-5 cm profile to 3.78 or 3.88 MPa (in the second and third years of testing) in the 

25-30 cm profile (Table 4). The obtained results indicate a significant influence of 

increased moisture content in the soil, a high proportion of dust particles, and a low 

content of organic matter (humus) (Abrishamkesh et al., 2011; Halde et al., 2011; Arocena 

et al., 2012). 

Soil compaction is significantly related to the saturation of the adsorptive complex 

with calcium ions. The results are shown in Table 5 as proof of the stated claim. Soil 

compaction increases with the depth of the profile. Thus, with all fertilisation variants, 

including the control, the lowest compaction was in the 0-10 cm layer, and it was 

statistically significantly lower compared to deeper soil profiles. In the fertilisation 

variants, there were no statistically significant differences in soil compaction between the 

depths of 0 - 5 and 5 - 10, 10 - 15 and 15 - 20, and 20 - 25 and 25 - 30 cm. 

 
Table 5. Influence of fertilisation variants on soil compaction (MPa) 

Depth 

(cm) 

Treatment 

T0 T1 T2 T3 T4 

0-5 3.05+1.91 2.82+1.49 2.09+0.98 1.75+0.82 1.01+0.55 

5-10 4.01+1.67 3.80+1.77 2.88+1.28 2.08+1.10 1.14+1.35 

10-15 4.84+1.68 4.47+2.38 3.94+1.53 3.16+1.64 2.53+1.57 

15-20 6.16+2.12 5.24+2.50 5.06+2.18 4.15+2.07 3.28+0.38 

20-25 6.92+2.00 6.46+2.34 4.62+2.79 4.48+2.09 4.10+2.02 

25-30 7.54+1.71 7.02+2.10 6.44+2.14 5.04+1.74 4.46+2.02 

Mean 5.42 4.96 4.17 3.44 2.75 

Values of the standard error of the mean are given after ± 

 

 

The highest average soil compaction (5.42 MPa, Table 5) was recorded in control (T0), 

where there was extreme acidity (pH < 4.5) and a low degree of soil saturation with 

exchangeable-adsorbed basic cations (V<50%, Table 2). Also, the soil's high average 
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compaction (4.96 and 4.17 MPa) was observed in the application variant of mineral NPK 

fertiliser (T1 and T2). 

However, it was reduced by an average of 18.8% compared to the control. The 

extremely high average compaction on soil treatments T0, T1 and T2 (4.17-5.42 MPa) is 

far above the optimal values for the treatment, which range between 1.0 and 1.5 MPa. 

Such plots of pseudogley are unfavourable for the growth and development of small-grain 

plants. 

The combined use of NPK fertilisers with lime (T3) and NPK with lime and manure 

(T4) significantly reduced soil compaction in all depths of the studied soil profile. The 

average reduction in soil compaction for the T4 variant compared to the control (T0) was 

approximately 97%, nearly double the reduction. The reason for the reduction in soil 

compaction is the result of the effects of organic and lime fertilisers, which improve the 

physical and mechanical properties (aggregate composition and porosity) as well as the 

chemical properties of the soil (the share of base cations, mainly calcium, in the 

adsorptive complex). 

Many studies have found a significant impact of the application of organic fertilisers 

on the improvement of soil physical properties, especially overall porosity and structure, 

which leads to the slowing down of surface water runoff and the reduction of erosion 

processes and soil compaction (Aggelides and Londra, 2000; Hargreaves et al., 2008). 

The mutual relationship between soil compaction and different fertilisation variants, 

as well as soil aggregate composition (up to 30 cm deep), was determined using Pearson's 

correlation coefficient (Table 6). From the presented table, it can be seen that a primarily 

negative and strong correlation was established between soil compaction and its 

aggregate composition. Only soil macroaggregates (>10 mm) exhibited a strong positive 

correlation with soil compaction in all applied treatments, indicating that an increase in 

the proportion of macroaggregates contributes to an increase in soil compaction. 

 
Table 6. Dependance between soil compaction and soil aggregate composition (Pearson's 

correlation coefficient) 

Aggregate size 

(mm) 

Treatment 

T0 T1 T2 T3 T4 

>10 0.91** 0.92** 0.83** 0.94** 0.69* 

10-5 -0.90** -0.58* -0.74** 0.95** -0.89** 

5-3 -0.34ns -0.87** -0.80** -0.91** -0.89** 

3-2 -0.75** -0.90** -0.12ns 0.92** -0.88** 

2-1 -0.93** -0.84** -0.84** -0.92** -0.80** 

1-0.5 -0.95** -0.88** -0.93** 0.93** -0.89** 

0.05-0.25 -0.87** -0.86** -0.85** -0.97** -0.94** 

< 0.25 -0.77** -0.67* -0.05ns -0.95** -0.87** 

ns – there is no statistical significance, ** statistically significant on the probability level of 0.01, 

* statistically significant on the probability level of 0.05 

 

 

The share of almost all other macroaggregates (0.25-10 mm) and microaggregates 

(<0.25 mm) exhibited a strong negative correlation with soil compaction, particularly in 

the T3 and T4 treatments. Therefore, the tested soil with a smaller proportion of the most 

favourable structural aggregates, except for treatments T3 and T4, has predispositions for 

high compaction, as confirmed by our test results. 
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Our hypothesis was that the combined ameliorative application of lime and manure 

would reduce soil compaction by changing the distribution of structural aggregates. 

The obtained results confirmed this thesis, as well as the findings of numerous authors 

who, by applying manure, shifted the distribution of structural aggregates from larger 

(12.7 mm) to medium to smaller (0.47 mm) (Whalen and Chang, 2002; Larney et al., 

2006; Miller et al., 2012). 

The same researchers report very positive effects of multi-year (22 years) application 

of large amounts of manure on the change in the distribution of structural aggregates of 

soil with the characteristics of heavy clay loam. 

Soils whose adsorptive complex is saturated with Ca2+ ions (T3 and T4 treatments) 

with a higher proportion of favourable microstructural aggregates (<0.25 mm) show 

lower compaction compared to unstructured soils. 

The results presented in Table 7 indicate a significant dependence between soil 

compaction and the presence of waterproof structural aggregates (up to 30 cm deep) in 

almost all studied treatments. 

 
Table 7. Dependence between soil compaction and water resistance of structural aggregates 

(Pearson's correlation coefficient) 

Aggregate size 

(mm) 

Treatment 

T0 T1 T2 T3 T4 

>3 -0.93** 0.78** 0.59* 0.34ns -0.72** 

3-2 0.79** -0.78** -0.63* -0.79** -0.84** 

2-1 0.87** 0.88** -0.65* 0.76** -0.74** 

1-0.5 0.79** 0.87** 0.66* -0.76** 0.82** 

0.5-0.25 0,76** 0.87** 0.65* 0.76** -0.80** 

< 0.25 -0.75** -0.87** -0.66* 0.76** -0.18ns 

ns – there is no statistical significance, ** statistically significant on the probability level of 0.01, 

* statistically significant on the probability level of 0.05 

 

 

A strong positive dependence was observed between soil compaction (T1 and T0) and 

the portion of macroaggregates that have reduced water resistance (2-0.25 mm). The low 

biotic activity of plants, animals (such as earthworms), and microorganisms, which is 

conditioned by the low pH value of the studied soil, results in weak structural aggregate 

stability, increased drying, and significant soil compaction (White, 2003). 

A negative and mostly strong correlation was established between soil compaction and 

the content of water-resistant micro-aggregates (<0.25 mm) in the control (T0) and 

variants of mineral NPK fertiliser application (T1 and T2). In the treatments (T3 and T4), 

where lime and organic fertiliser were used, a strong negative correlation was found, for 

the most part, between soil compaction and the content of larger macroaggregates 

(0.25-10 mm) (r = -0.72** to r = -0.84 **). 

The increase in the stability of macroaggregates in the T3 and T4 treatments was 

attributed to a partial increase in organic matter content, accompanied by an increase in 

Ca2+ ion content in the adsorptive complex, as well as a decrease in soil acidity. 

Increasing the water resistance of macroaggregates helps reduce soil compaction. 

Biberdzic et al. (2020) note a negative correlation between soil water content and soil 

compaction (r = -0.26). However, there are also reports that the binding forces established 

at the level of macroaggregates have a temporary character and are unstable and dynamic 

(Gajić et al., 2010). 
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The relationship between soil compaction and different types of fertilization, as well 

as specific soil characteristics, is shown in Table 8. The results show a significant negative 

correlation between bulk density (DM) and soil compaction across all applied treatments, 

indicating a significant decrease in soil compaction with increasing bulk density. Other 

studied soil characteristics (TP, AC, RW) exhibit a strong positive correlation with 

compaction. 

 
Table 8. Dependence between soil compaction and some soil characteristics (Pearson's 

correlation coefficient) 

Soil 

characteristics 

Treatment 

T0 T1 T2 T3 T4 

DM -0.93** -0.58* -0.55* -0.76** -0.74** 

TP 0.80** 0.85** 0.65* 0.76** 0.80** 

AC -0.86** 0.89** 0.70** 0.75** 0.81** 

RW 0.66* 0.70** 0.87** 0.54* 0.27ns 

ns – there is no statistical significance, ** statistically significant on the probability level of 0.01, 

* statistically significant on the probability level of 0.05 

 

 

Thus, the increase of finer micropores in the soil increases total porosity and water 

retention capacity, contributing to increased compaction. The ameliorative introduction 

of limestone and manure also contributed to an increase in the soil's total porosity and air 

capacity, leading to a decrease in its compaction (Fierro et al., 1999; Gardner et al., 2010). 

During the ameliorative use of manure, macroporosity and microporosity increase 

through the elongation of micropores in newly formed aggregates (Pagliai and Vitorri 

Antisari, 1993) or through indirect influence through soil fauna (earthworms), whose 

activity (feeding and digging corridors) modifies soil porosity (Peres et al., 1998) and its 

structure (Scullion and Malik, 2000). 

The application of organic fertilisers increases the content and stability of 

macroaggregates, resulting in a significant positive correlation between the content of 

organic fertilisers and the amount of aggregates (p < 0.05; Niu et al., 2022). 

The relationship between soil compaction and different types of fertilization, as well 

as specific soil characteristics, is shown in Table 8. 

The results show a significant negative correlation between bulk density (DM) and soil 

compaction across all applied treatments, indicating a significant decrease in soil 

compaction with increasing bulk density. Other studied soil characteristics (TP, AC, RW) 

exhibit a strong positive correlation with compaction. Thus, the increase in finer 

micropores in the soil leads to an increase in total porosity and water retention capacity, 

which in turn contributes to an increase in compaction. The ameliorative introduction of 

limestone and manure contributed to an increase in the soil's total porosity and air 

capacity, resulting in a decrease in its compaction (Fierro et al., 1999; Gardner et al., 

2010). 

During the ameliorative use of manure, macroporosity and microporosity increase 

through the elongation of micropores in newly formed aggregates (Pagliai and Vitorri 

Antisari, 1993) or through indirect influence of soil fauna (earthworms), whose activity 

(feeding and forming corridors) modifies soil porosity (Peres et al., 1998) and its structure 

(Scullion and Malik, 2000). 
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The application of organic fertilisers increases the content and stability of 

macroaggregates, resulting in a significant positive correlation between the content of 

organic fertilisers and the amount of aggregates (p < 0.05; Niu et al., 2022). 

Data on the filtration rate for the studied soil and pseudogley type (Darcy's coefficient) 

are shown in Table 9. In all treatments, the surface horizons of the studied soil (0-10 cm) 

exhibit a high filtration rate of 3.0 × 10- 3 cm sec-1. 

 
Table 9. Filtration speed (Darcy's coefficient, DC) on different types of fertilisation (cm sec-1) 

Depth (cm) 
Treatment 

T0 T1 T2 T3 T4 

0-10 3.1 x 10-3 3.0 x 10-3 3.1 x 10-3 3.0 x 10-3 3.0 x 10-3 

10-20 4.4 x 10-4 4.4 x 10-4 3.1 x 10-3 3.0 x 10-3 3.0 x 10-3 

20-30 6.3 x 10-6 6.3 x 10-6 4.4 x 10-4 4.4 x 10-4 3.1 x 10-3 

30-40 6.3 x 10-6 6.3 x 10-6 6.3 x10-6 4.4 x 10-4 4.4 x 10-4 

 

 

However, with increasing soil depth, the filtration rate decreases significantly, 

especially in the control (T0), T1, and T2 fertilisation variants. In the control (T0) and 

treatments T1 and T2, at depths exceeding 20 cm, the filtration rate is generally very low 

(6.3×10-6 cm s-1). 

The low water permeability of the soil at that depth is attributed to its heavy soil 

texture, characterized by a high content of dust and clay (Vrbek, 2003; Ohu et al., 2009). 

With the ameliorative application of lime and manure (T3 and T4) in the arable part of 

the soil (0 - 20 cm), the rate of water filtration was high, while in the deeper parts of the 

soil (20-40 cm) there was a decrease in soil permeability (4.4 x 10-4 cm sec-1). 

However, the filtration rate at the same soil depth was significantly higher compared 

to the control and variants using mineral fertilisers (T1 and T2). Lime and manure have 

formed micro-aggregates into macro-aggregates through the action of Ca2+ ions, enabling 

the subsequent formation of macroaggregates via humus and mineral colloids. 

This improved the soil's structure, resulting in a higher proportion of non-capillary 

pores than capillary pores. The improved structure of pseudoglay also contributed to the 

better stability of structural aggregates against gasification. 

Structural aggregates with a diameter of 0.25-10 mm have the most favourable 

influence on the water-air properties of the soil (Vučić, 1976; quoted by Dragovic, 2000). 

The resulting structural changes of pseudogley led to an increase in the rate of water 

conductivity in deeper soil layers (20-40 cm) but also to a more remarkable ability to bind 

and retain beneficial water for plants (Ohu et al., 2001, 2009). 

Conclusion 

The compaction of the pseudogley soil varied significantly over the years of the study. 

The highest compaction, measured across all depths of the tested profile, occurred in the 

fifth year, with values of 3.30 MPa at a depth of 0-5 cm and 8.25 MPa at a depth of 

25-30 cm. During the years with a more favourable rainfall regime (the second and third 

years of the study), soil compaction was significantly reduced. At a soil depth of 0-5 cm, 

the compaction was 1.08 MPa in the second year and 1.28 MPa in the third year of testing. 

In the more deeply examined horizon (25 - 30 cm), values of 3.78 MPa (second year) and 

3.88 MPa (third year) were determined. 
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The combined application of NPK and lime, as well as NPK, lime, and manure, 

significantly reduced soil compaction in all depths of the studied profile. The average soil 

compaction was 3.0 times lower in the surface profile (0-5 cm) and 1.7 times lower in the 

most profound profile (25-30 cm) on variants with multi-year application of ameliorative 

fertilisation compared to the control. 

Applying meliorants of mineral and organic origin, such as limestone and manure, 

improved the physical quality of the soil, particularly in the upper parts of the pseudogley 

profile (0-10 cm), which reduced compaction even during dry years with an intense 

moisture deficit. These results promote combining organic matter (manure) and limestone 

(Ca2+) to improve micromorphological and water characteristics. This reduces the 

compaction of the soil, which leads to a faster increase in the productivity of degraded 

pseudoglay. 
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