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Loess-based soils are characterized by high agricultural value and have been cultivated since  
the Neolithic. Intensive agricultural activity has transformed these soils, especially due to intensified
erosion processes. The aim of this paper is to present the basic water and air properties of the inves- 
tigated soils, namely: soil solid phase density, bulk density, capillary water capacity, total porosity, 
and air capacity. The research presented herein includes chernozems at different stages of erosion-
based transformation compared to strongly eroded initial loess soils from the Proszowice Plateau.
Erosion processes in the research area have brought about a transformation of soil profile morphology
and have partially influenced its water and air properties. The most important transformation in
initial loess soils is the lack of subsurface transition horizons which offer the best conditions for
plant growth and play a very important role in supplying water and air to plants. The research
presented herein shows that during the analysis of the physical properties of surface horizons  
(Ap, Akp), care needs to be taken to account for the period of sampling due to seasonal agricultural 
activity that affects soil’s physical properties. In the deeper soil horizons, this is not an important
issue as agricultural activity is performed at limited depths (ca. 20−35 cm). 
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1. INTRODUCTION

The nature of loess as a parent material of soils becomes apparent in their intrinsic
properties such as their water and air properties. All soils located in loess regions are 
classified as top grade for agricultural purposes (Borowiec 1965, 1966; Klimowicz,
Uziak 2001; Licznar, 1985; Olszewski et al. 1965; Turski 1985). These soils have
been cultivated by man since the Neolithic period (Kruk 1972; Kruk et al. 1996; 
Valde-Nowak 2004). This activity has contributed to the evolution of these soils
where anthropogenic processes have affected natural processes or have caused their
substantial acceleration (Skiba & Kołodziejczyk 2004). An example of an accelerated 
natural process is erosion in the agricultural regions of loess highlands such as  
the Proszowice Plateau in south-central Poland. Such processes lead to a gradual 
reduction in thickness of the soil profile as a result of progressive denudation of
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the soil cover. Years of agricultural activity lead to degradation of a natural soil 
structure within the layer of soil affected by mechanical agricultural activity. These
soils experience slow changes in the morphology of the soil profile and its physical
properties. Soils in eroded loess regions can be classified into two groups based on
degrees of change: 1. initial loess soils (siltosols) eroded to the point where the plough 
zone includes parent material; 2. chernozems characterized by different degrees of
soil degradation. These chernozems include typical (haplic) chernozems, chernozems
with an agric horizon, chernozems with a cambic horizon, chernozems with an argillic 
horizon, and eroded chernozems (Żyła 2007). 

The impact of agricultural activity (cultivation) on the physical properties of soils
is not unidirectional. Soils are ploughed on the one hand and compacted by wheels on 
the other. Both processes affect the physical properties of topsoil. The water and air
properties of surface soil horizons are characterized by significant differences over time
and across space even within the same area. On the other hand, subsurface horizons 
of particular solis are beyond the reach of agricultural cultivation are characterized by 
much more balanced and standarized physical properties.

The purpose of this work is the analysis of the water and air properties of
chernozems at different stages of erosion and soil degradation (typical chernozems,
chernozems with an agric horizon, eroded chernozems) with a comparison to  
the highly eroded initial loess soils of the Proszowice Plateau. 

2. MATERIALS, SCOPE, AND METHODS

The research included 19 soil profiles located within the Proszowice Plateau. Detailed
water and air analysis was performed on the soils of 13 of the 19 profiles. The profiles
are located in the vicinity of Boronice, Słonowice, Witów, and Wymysłów (Fig. 1). 

The selected soil profiles are
representative of locations where 
topsoil erosion and denudation 
processes play a significant role.
These locations include hilltops as
well as high, middle, and convex 
sections of slopes. The soil profiles
were described in accordance with  
Polish Society of Soil Science (1989)  
guidelines. Each sample was 
analyzed for: soil texture using the 
hydrometer method, organic carbon 
content using the dichromate Tyurin 
method, and carbonate content 
using Scheibler’s volumetric method. 
Undisturbed samples in 100 cm3 steel 

Fig. 1. Location of research area within the 
Miechów–Proszowice loess belt
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cylinders were taken for water and air properties analysis using the Kopecky Method. 
Basic physical properties were determined, such as bulk density, capillary water 
capacity, total porosity, and air capacity. Solid phase density was determined using  
the pycnometric method. The results presented in Tables 1 and 2 are mean values
based on 2 to 4 determinations for each soil horizon. Statistical analysis was performed 
using the Statistica 8.0 package. 

3. RESULTS

SOLID PHASE DENSITY

The solid phase density of soil depends primarily on its mineral composition and
organic matter content. Organic matter content did not exceed 3.3% (Żyła 2007) 
in the soil samples that were analyzed, therefore, its impact on solid phase density 
was insignificant. The solid phase density of all the analyzed soils ranged from 2.55 
to 2.69 Mg·m-3. Such relatively close values result from similar mineral composition in 
the solid phase which suggests that the loess soils in question are quite homogeneous. 
These youngest of loess formations have their origins in the same geological period
(Jersak 1973) and the same section of the Miechów-Proszowice loess belt. The main
mineral constituent in the soils analyzed was quartz whose density is 2.65 Mg·m-3. 
This value reflects the soils analyzed whose mean solid phase density is 2.64 Mg·m-3. 

BULK DENSITY

The bulk density (dry state – soil dried at 105oC to achieve a constant mass) of 
ploughed chernozem horizons is low and ranges from 1.21 Mg·m-3 to 1.45 Mg·m-3 
(Tab. 1). Its highest value (1.45 Mg·m-3) was determined in the surface horizons 
of eroded chernozems (Słonowice 3 i Słonowice 4) while its lowest values (under  
1.30 Mg·m-3) were noted in typical chernozems and those with an agric horizon 
(Fig. 2). In initial loess soils (Tab. 2), bulk density of Akp horizons ranged from  
1.25 Mg·m-3 to 1.65 Mg·m-3 (Fig. 2). 

The lowest chernozem bulk density is characteristic of A/C and C/A transition
horizons featuring high levels of mesofaunal and megafaunal biological activity in  
the soil. This type of activity leads to numerous bioturbations. The bulk density 
of these horizons in typical and eroded chernozems is very similar and ranges 
from 1.22 to 1.36 Mg·m-3. In chernozems with an agric horizon, the corresponding 
horizons are designated E/Bt and Bw. The bulk density of these two horizons is about 
1.30 Mg·m-3 (Fig. 2). 

Carbonate-containing loess occurs beneath transition horizons in chernozems 
and beneath surface horizons in initial loess soils. Its bulk density is clearly higher 
therein than in the transition horizons described above (Fig. 2). In the soils analyzed 
herein, its bulk density ranged from 1.45 to 1.50 Mg·m-3 (Tabs. 1 and 2). 
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Table 1. Chernozems – water and air properties.
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Table 2. Initial loess soils – water and air properties
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CAPILLARY WATER CAPACITY

Capillary water capacity is given as a percentage of the volume of the soil sample 
occupied by water held within the sample by capillary forces after gravitational water
has drained away. This indicator is very important in terms of the water supply for
plant roots. Capillary water capacity indicates how much water is available to plants 
and can remain in the soil for longer periods of time without rain. The capacity values
obtained are presented in Tables 1, 2 and Figure 2. 

The lowest capillary water capacity values in typical and eroded chernozems
were noted in their ploughed horizons (39.4–42.6%). Capillary water capacity in  

Fig. 2. Median value as well as upper and lower quartiles for analyzed water and air properties 
of soils based on genetic horizons
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the ploughed horizons of initial loess soils is quite variable. In some soils, capacity 
values in surface horizons are the highest within a given profile while the opposite is
true in others. Soil profiles in Słonowice 2 and Wymysłów 1 are examples of extreme
cases with capacity values at 33.7% vol. and 46.3% vol., respectively. These two
profiles are also examples of other extreme values: highest (1.65 Mg·m-3) and lowest  
(1.25 Mg·m-3) bulk densities, respectively. This variability is a consequence of variable
soil sampling periods – samples were collected both before and after ploughing.
Seasonal activities such as ploughing or harrowing have a substantial impact on  
the physical properties of surface horizons. Thisproblemdoesnotaffectdeeperhorizons
so much as they are beyond the reach of most farm equipment (usually 20−35 cm).  
This is confirmed by the substantially smaller quartile range (25–75%) within the A/C 
and C/A horizons (Fig. 2). Capillary water capacity is clearly higher within deeper 
horizons of chernozem profiles (Tab. 1). In this case, capillary water capacity values
range from 42.6% vol. to 46.5% vol. with a mean value at around 44% vol. 

TOTAL POROSITY

Total porosity in the soils analyzed is a characteristic which differentiates soil profiles
as well as genetic horizons within particular profiles. Ploughed-humus horizons
of eroded chernozems (Słonowice 3 and Słonowice 4 profiles) stand out among
chernozems in terms of their low porosity (about 44% vol.). In chernozems with 
an agric horizon (Boronice 4) and those which are classified as typical (Witów 4), total
porosity in ploughed horizons exceeds 50%. 

In strongly eroded siltosols, ploughed-humus horizons are the most porous 
within their given profile (Fig. 2). Total porosity in Akp horizons usually amounts to
less than 48% while in exceptional cases, it equals only 36.3% (Słonowice 2). 

A/C and C/A transition horizons are the most porous horizons in the eroded and 
typical chernozems analyzed herein. Their corresponding horizons in chernozems
with an agric horizon are E/Bt and Bw. Total porosity in these particular horizons 
ranges from 48% vol. to 54% vol. with a mean value at about 51%. These values are
also higher than those determined in surface (ploughed) horizons where the soil is 
periodically loosened by cultivation activities (Fig. 2).

Porosity is several percentage points lower within the parent material – carbonate 
loess – and in the chernozems analyzed, it was equal to 45% vol. on average. In initial 
loess soils, the values for parent material were quite similar. 

AIR CAPACITY

Air capacity or the difference between total porosity and capillary water capacity is
expressed in percent of volume. With the Kopecky Method, this means volume of 
soil pores which are filled with air after gravitational water drains but assuming that 
the soil is fully saturated with capillary action water. 
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In the ploughed horizons of chernozems, air capacity ranges from 2.6% vol. to 
4.8% vol. (in some cases 8.8% vol.). In the deeper transition horizons A/C and C/A, 
mean values of air capacity hover around 6.2% vol. (range: 5.4% vol. to 7.5% vol.).  
A marked drop in air capacity occurs at the point where horizons affected by pedogenic
processes meet horizons of parent material (Fig. 2).

In initial loess soils, the highest values of air capacity occur most often in
loosened ploughed horizons, ranging from a low 1.1% vol. to a high 7.8% vol. (Tab. 2).  
Air capacity is markedly lower in subsurface parent material horizons as it is in 
corresponding chernozem horizons. 

Certain negative values of air capacity result from problems with the method 
used. Porosity is calculated after a sample has been dried at 105oC while capillary 
water capacity using a wet sample. While the soil is being saturated, some samples of 
intact loess have a tendency to expand. In effect, the soil occupies more space than the
original volume of the 100 cm3 steel cylinder. This is caused by the presence of clay
minerals which expand in moist environments (Turski et al. 1974). 

4. DISCUSSION OF RESULTS

Analysis of water and air properties include all genetic horizons present in the soils of 
interest. These horizons can be grouped into three classes based on physical properties:
surface horizons (ploughed-humus Ap and Akp horizons), subsurface transition 
horizons (A/C, C/A, and E/Bt), and parent material (loess) horizons (Ck, Ckg, and 
Crkc) which have been little altered by pedogenetic processes.

Surface horizons in all the soils analyzed (Tabs. 1 and 2) are, on the one hand, 
loosened by ploughing and other cultivation activities and, on the other, compressed 
by the weight of wheels of farm machinery. In order to properly interpret the water 
and air properties of surface horizons, it is important to note the dates of soil sampling, 
keeping in mind the effects of soil cultivation and compression.

According to Turski et al. (1986), the bulk density of loess soil can change from  
1.06 Mg·m-3 right after ploughing to 1.40 Mg·m-3 after a wheat harvest to 1.69 Mg·m-3 
after being run over by vehicle wheels. This explains why the physical properties
of surface horizons exhibit such a wide range of values. Generally, however, larger 
differences in bulk density values can be observed in eroded loess soils than in
chernozems. This is the result of stronger degradation of natural soil structure
in eroded soil regions which has a direct effect on bulk density and total porosity. 
A weaker general structure and lower humus content make it easier to compress highly 
eroded soils whose bulk density in surface horizons can reach 1.65 Mg·m-3 while in 
chernozems, it does not exceed 1.45 Mg·m-3. Total porosity has a strong negative 
correlation with bulk density in the soils analyzed (Fig. 3). The soils analyzed possess
a high total porosity which can be considered a mean value for loess soils in southern 
Poland for which J. Borowiec (1970) reported a range of values 40.7–48.7% vol.  
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There exist significant differences between porosity levels of particular genetic soil
horizons. Eroded chernozems are the least porous among surface horizon chernozems. 
Their low porosity is most likely the effect of natural coprolite-based humus horizons
being dislodged by erosion and denudation processes. Eroded chernozems (Słono- 
wice 3, Słonowice 4) surface horizons, despite having the highest humus content,  

Fig. 3. Correlation between selected water and air properties in the chernozems and loess soils 
analyzed (significance: p= 0.95)

are less porous than subsurface transitional horizons. This is mainly the result of
general degradation of natural soil structure caused by long-term agricultural activity. 
The soil structure of these horizons changes gradually from  a coprolite and crumb
structure to a sub-angular or even an angular structure with coprolite and crumb 
structure present in some locations (Żyła 2007). 

In eroded loess soils, ploughed-humus horizons are the most porous within their 
respective soil profiles. This is the effect of cultivation activity which affects surface
horizons while the loess horizons located below are not altered by pedogenic processes 
and do not possess an aggregate soil structure.

The lowest capillary water capacity within chernozems soil profile can be observed
in the ploughed horizons. This results from the presence of numerous large pores in
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these horizons which are too big to hold onto water via capillary action. A similar 
situation exists in initial loess soils where ploughing has been shown to affect capillary
water capacity by loosening the soil. As a result, differences in capillary water capacity
values in tilled horizons of strongly eroded soils can reach up to 13%. As porosity 
increases, so does capillary water capacity with the coefficient of determination
reaching R2 = 0.37. Capillary water capacity is also negatively correlated with bulk 
density with R2= 0.34 (Fig. 3). 

The basic difference between eroded initial loess soils and chernozems can be
observed beneath the ploughed-humus horizons. In siltosols, carbonate-containing 
parent material (loess) can be found right underneath ploughed horizons while 
in chernozems, there are A/C and C/A horizons. Such transition horizons are 
characterized by a well developed natural soil structure undisturbed by cultivation 
activities, optimal water and air properties and a lack of carbonates having been 
leached of them. These features differentiate them from both ploughed horizons 
as well as parent material horizons.

Transition horizons A/C and C/A or Ck/A (Tab. 1) are found in typical 
chernozems as well as partially eroded chernozems. In chernozem soil profiles with
an agric horizon, the corresponding horizons are called E/Bt and Bw, respectively.  
The horizons in question have the lowest bulk density among all chernozems which
does not exceed 1.36 Mg·m-3. They also have the highest porosity which usually
hovers around 51% and the largest air capacity (ca. 6%). The low bulk density and
high porosity of these horizons is the result of a well developed coprolite and crumb 
soil structure shaped by edaphon activity. Another factor that increases total porosity 
is carbonate leaching. Carbonates may have constituted up to 20% of loess volume 
before pedogenesis. Transition horizons possess the perfect set of physical properties 
for plant growth. 

Capillary water capacity is the highest in subsurface horizons free of calcium 
carbonate. Within these horizons, the large number of capillary pores characteristic 
of loess is increased by the leaching of small crystal forms of calcium carbonate. This
causes a small increase in the number of pores that can hold water via capillary action 
which in turn increases capillary water capacity. 

No significant soil fauna activity has been observed in the weathered Bw horizons
that are found right above loess layers. Hence, there is no apparent influence of large
non-capillary soil pores – a product of bioturbation – on the physical properties  
of these horizons. 

Pedogenic processes have not been observed in the horizons of parent material 
(loess) with the exception of some redoximorphic features. This obviously has 
an impact on the water and air properties of these horizons. They can be classified
as horizons with a massive structure as they do not possess a clear aggregate soil 
structure. They possess a higher bulk density than do horizons located above them.
This is particularly apparent in chernozems where transition horizons meet loess.
These soil horizons are also less porous (ca. 45%) and have a smaller air capacity.
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There is no clear correlation between air capacity and capillary water capacity.
This can be treated as a result of mechanical agricultural activity which tends to create
very large non-capillary soil pores (Fig. 3).

The water and air properties of eroded initial loess soils and chernozems are quite
similar within C (Ck, Ckg, Crkc) horizons. This indicates a high degree of homogeneity
of parent material within the Proszowice Plateau. Although these soil horizons have, 
in a relative sense, the worst water and air properties, they have very good water and 
air properties compared to other soil formations in Poland. The high porosity and
high capillary water capacity of loess allows plants to thrive even in highly eroded 
places where the development of natural soil horizons is impossible given the high 
degree of erosion. 

A comparison of soils from the loess region of the Proszowice Plateau with 
similar silt formations from the Carpathian Foothills (Klimek et al. 2000) indicates 
that loess soils have far better water and air properties. Loess-like formations from  
the Carpathian Foothills resemble loess soils in terms of texture although silt from  
the Foothills contains a slightly higher percentage of colloidal clay (under 0.002 mm 
in diameter). Their mineral content differs in terms of calcium carbonate – not present
in Carpathian silt but comprising 10–20% of Plateau loess.

These differences affect the course of relevant pedogenetic processes and influence
the characteristics of the soils that these formations produce. This applies to chemical
properties as well as the water and air properties described herein. The absence of
calcium carbonate in loess-like formations creates favorable conditions for colloidal 
clay dispersion and gravity-induced movement towards the bottom of the soil profile.
This further leads to the creation of illuvial argillic horizons and even greater density 
in the deeper sections of soil profiles (Klimek 2000). Soils derived from loess-like
deposits usually possess higher bulk density and lower porosity (Klimek 1995, 2000; 
Klimek et al. 2000). As a result, they are more compact, contain less air, and resist 
infiltration by water which leads to the development of redoximorphic processes –
quite common for these types of soil.

The presence of calcium carbonate, a coagulant, in the loess soils of the Proszowice
Plateau makes it impossible for colloidal clay to migrate through soil which prevents 
deeper soil horizons from becoming more compact. The translocation of clay in 
the investigated soils only takes place after carbonate leaching (Żyła 2007). However,
once rhizoliths and micritic calcite are removed from the soil, total porosity increases 
and bulk density decreases. 

5. CONCLUSIONS

The analyzed soils possess good water and air properties. Even highly eroded soils
– initial loess soils – possess a high total porosity and capillary water capacity. These
depend upon the physical properties of the parent material – loess.
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The erosion processes which have caused changes to the morphology of loess
soils in the Proszowice Plateau have also influenced their water and air properties. 
The absence of subsurface transition horizons in initial loess soils is the reason for 
the substantial differences in physical properties between ploughed horizons and
deeper sections of soil profiles.

Subsurface transition horizons in chernozems (A/C, C/A, Ck/A) possess the best 
water and air properties for plant growth in terms of water supply and air supply. They
are characterized by the highest porosity, the lowest bulk density, high capillary water 
capacity, and high air capacity. 
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