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1. Introduction

Abstract

Clay-illuvial soils with argic horizon and developed from loess or other silty deposits constitute
high-quality arable land owing to favourable physical and chemical properties. There are thus
numerous reports on such soils, considering their structure, compaction, erosion, water and air
properties. However, there is still a lack of quantitative studies on structure and physical prop-
erties on analogous soils under forests. The aim of this research was therefore a comprehensive
description of the physical state, including structure, water and air properties, of a forest Retisol
developed from loess. Morphographic, morphological and morphometric parameters of structure,
selected physicochemical and water and air properties and also relationships among the obtained
parameters were analysed for genetic horizons O, Ah, AE, E, Bt/E, Bt, BtC and C. The field survey and
soil structure images indicated that the studied forest soil had an undisturbed sequence of genetic
horizons. The soil structure was shaped by soil flora and fauna causing bioturbation. Qualitative
and quantitative structure analysis revealed that the O horizon had a loose arrangement, the Ah ho-
rizon had an aggregate crumb structure, the AE horizon had zones of an aggregate crumb structure
and non-aggregate structure (fissured or with channels), while the remaining mineral horizons
showed essentially a non-aggregate structure with varying proportions and sizes of planes and
biogenic pores (i.e. cracked or fissured structure and structure with channels, respectively). The
morphometric and physicochemical parameters facilitated a detailed analysis of the Retisol’s physi-
cal state. The Retisol’s structure type and degree of aggregate development directly influenced its
hydraulic conductivity and water retention capacity. Therefore, under simulated precipitation, the
soil water content and effective saturation varied mainly in the topsoil (O-E horizons) and virtually
no changes were observed in the subsoil (Bt-C horizons). The research resulted in a comprehensive
analysis of the physicochemical and morphometric parameters, their relationships, and structure
images that were previously unavailable in other studies, covering the physical state of the entire
pedon of a forest Retisol. The results obtained may serve, for example, as a reference (control) for
analogous soils located in non-forest ecosystems and become an element in space-for-time substitu-
tion scenarios aimed at assessing the intensity of anthropogenic transformation.

ments (Gilewska, 1999). In line with the climatic conditions and
vegetation, as well as owing to the considerable diversity of par-

The dominant soil processes in Europe result from the con-
ditions typical of humid continental (Dfb), oceanic (Cfb) and
hot semi-arid (Bsh) climates (Soil Atlas of Europe, 2005; Beck
et al., 2018). The climate of Poland is classified as continental
with warm summer and no dry season (Dfb; Beck et al., 2018),
with oceanic influences marked in the western part of the coun-
try, gradually weakening towards the east. The average annual
temperature is 6-8.5°C and the average annual precipitation is
600 mm. As a result of a larger total precipitation than evapo-
ration, the soils are dominated by leaching water regime. The
primary vegetation in Poland consists of deciduous and mixed
forests in rich habitats and coniferous forests in poorer environ-

ent rocks, Poland has several types of zonal soils, with clay-illu-
vial ones prevailing. These soils developed from a variety of par-
ent materials: loamy and sandy glacial deposits, silt (e.g. loess)
and weathered rocks and slope deposits of loamy texture. Their
pedogenesis often involved various processes in addition to the
vertical translocation of clay particles by percolating water. As
a result, the soils show a great diversity in their profile morphol-
ogy (Kabala and Musztyfaga, 2015; Polish Soil Classification,
2019). The Polish Soil Classification (2019) identifies therefore
13 subtypes of clay-illuvial soils, which mostly correspond to Lu-
visols, Retisols, Luvic Planosols and Luvic Stagnosols according
to the WRB (IUSS Working Group WRB, 2022).

© 2023 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 1
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Luvisols cover ca. 6% of Europe, mainly in the East Euro-
pean Plain and Central Europe but also in the Mediterranean
region (Soil Atlas of Europe, 2005). In Poland, the clay-illuvial
soils are common in both lowland and upland regions (e.g. Glina
et al., 2013), estimated to account for at least 45% of the country
(Polish Soil Classification, 2019). In southern Poland, the par-
ent rocks of these soils are mainly loess and loess-like deposits
(Stowinska-Jurkiewicz, 1989; Krupski et al., 2021). Under natural
conditions, these soils are mostly covered with deciduous for-
ests. However, owing to their favourable physical and chemical
properties, the clay-illuvial soils developed from loess or other
silty deposits are suitable for a wide range of agricultural pur-
poses, constituting high-quality arable land. The high economic
significance of these arable soils resulted in extensive research
on topics such as their structure, compaction, erosion, water and
air properties. For example, Tokov4 et al. (2023) examined the ef-
fect of biochar on selected physical and hydrophysical soil prop-
erties of an arable silty loam Haplic Luvisol in Slovakia. KIi¢ et
al. (2022) assessed the impact of land use (arable and forest) on
the aggregate size distribution in a Haplic Luvisol developed on
loess in Czechia during dry and wet sieving. Huang et al. (2022)
used disturbed samples of the A horizon from an arable Stagnic
Luvisol derived from loess (Germany) to investigate the influ-
ence of soil structure on deformation, pore water pressure and
air permeability during compaction and subsequent shearing.
Obalum et al. (2019) studied the effects of reduced tillage and
organic matter on soil aggregate stability of an arable silt-loam
Luvisol (Germany) through different aggregate stability tests.

However, there is still a lack of quantitative studies on the
structure and other physical properties of analogous soils un-
der forest vegetation. The aim of this research was therefore
a comprehensive description of the physical state, including
structure, water and air properties of a forest Retisol devel-
oped from loess. Specifically, the following analyses were con-
ducted: (a) morphographic, morphological and morphometric
analysis, which provided a qualitative description, interpreta-
tion and quantitative description of soil structure, respectively;
(b) analysis of selected physicochemical properties; (c) analysis
of selected water and air properties; and (d) analysis of rela-
tionships among the obtained parameters for all identified ge-
netic horizons.

2. Materials and methods
2.1. Study area

The studied soil was located in SE Poland (physico-geograph-
ical subprovince 343 Lublin-Lviv Upland, macroregion 343.2 Ro-
ztocze Upland, mesoregion 343.21 Western Roztocze; Solon et
al,, 2018) near Albinéw Duzy (50°43'14.0" N, 22°44'27.5" E; 317 m
a.s.l), in the area covered by loess deposits ca. 7-10 m thick
(Wagrowski, 1996). In the Western Roztocze, the mean annual
temperature and precipitation are 7.4°C and 650 mm, respec-
tively (Buraczynski, 2002). The soil pit was made at the summit
of a hill, in an area of undulating (hilly) relief with denivelations
over 2 km in the range of 10-75 m, in a mesophytic deciduous
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forest composed of oak Quercus robur and Q. petraea, hornbeam
Carpinus betulus and lime Tilia cordata (plant community Tilio
cordatae-Carpinetum betuli Tracz. 1962). The soil’s profile was
thoroughly examined and described in the field and the genetic
horizons were identified (Fig. 1). The soil was classified as a clay-
illuvial soil with tonguing in the argic horizon (PPzc; Polish Soil
Classification, 2019) and an Epidystric Eutric Glossic Retisol
(Pantosiltic, Cutanic, Differentic, Ochric) (RT-gs.eu.dyp-sle.ct.df.
oh; IUSS Working Group WRB, 2022). The soil studied will be fur-
ther referred to as the Retisol.

2.2. Soil physicochemical parameters

Soil samples were taken from the recognised genetic hori-
zons (Table 1). Bulk samples of ca. 2 kg with disturbed structure
were collected to determine soil’s texture (SA, sand 0.05-2 mm;
SI, silt 0.002-0.05 mm; CL, clay <0.002 mm fraction content, g g,
by a combination of the hydrometer and the wet-sieve meth-
ods; ISO 11277, 2009), total organic carbon (TOC, g (100 g)*; ISO
14235, 1998), pH in a 1:5 (v/v) suspension of soil in distilled water
(ISO 10390, 2021), CaCO, content (ISO 10693, 1995) and particle
density (PD, Mg m3; ISO 11508, 2017).

2.3. Soil air and water properties

Soil core samples with preserved structure were taken ver-
tically in 12 replicates from each horizon into metal cylinders
with a volume of 100 cm?. Six soil cores were used to determine
soil bulk density (BD, Mg m™ by the gravimetric method after
drying at 105°C) and soil water retention curves (SWRCs). For
the SWRCs, the soil samples were first saturated with water
(soil water potential ¥ of 0 kPa). Next, measurements of soil wa-
ter content were performed at ¥ of -1, -3, -10, -15, -30, -50,
-150, -500 and -1500 kPa after stabilizing the samples on po-
rous ceramic plates in the pressure chambers (Eijkelkamp, The
Netherlands; SoilMoisture Equipment Co., USA). The volumet-
ric soil water content (WC, cm?® cm™®) was determined using the
thermogravimetric method. Then, pore volume fractions were
calculated using WC at each W in the selected ranges of equiva-
lent diameters (ED < 0.2, 0.2-0.6, 0.6-2, 2-6, 6-10, 10-20, 20-30,
30-100, 100-300, > 300 um), where the equivalent diameters
were evaluated from: ED = 300/|¥|.

The soil compactness was categorized according to the BD
values as follows: very low, BD < 0.90 Mg m3; low, 0.91-1.10;
medium-low, 1.11-1.30; medium, 1.31-1.50; medium-high,
1.51-1.70; high, 1.71-1.90; and very high, 1.91-2.10 (Swiecicki
et al., 1972). The total porosity of the soil (TP, cm? cm™) was cal-
culated using the PD and BD values.

Using the remaining six soil cores, saturated hydraulic
conductivity (Ks, cm d') was measured with the ICW labora-
tory permeameter (Eijkelkamp, The Netherlands). The Ks val-
ues were categorised as follows: <10.0, very low; 10.1-50.0,
low; 50.1-200.0, medium; 200.1-1000, high; and >1000 cm
d, very high (Paluszek, 2011). The SWRCs were fitted to the
means of the observed water retention data (WC at ¥ from -1
to -1500 kPa) using the RETC computer program (RETC 6.02;
van Genuchten et al., 1991). Subsequently, the unsaturated
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hydraulic conductivity function was predicted using the geo-
metric means of Ks and a dual-porosity Durner-Mualem model
(Durner, 1994). RETC was run with the following fitting param-
eters: RWC (residual water content, cm?® cm™), al, a2, n1, n2 and
1 =0.5. The parameter w2 was gradually adjusted to maximise
R? for regression of observed vs. fitted values (Table 2). Sub-
sequently, the SWRC parameters obtained were incorporated
into the input data for water flow simulations using HYDRUS-
1D (version 4.17.0140) (Simtnek et al., 1998, 2018). The a, n and
I parameters in HYDRUS-1D are considered to be empirical co-
efficients affecting the shape of the hydraulic functions.
HYDRUS-1D was set to simulate the water flow in an eight-
layer pedon of 200 cm depth over a 31-day period. The simu-
lation employed a dual-porosity soil hydraulic model without
hysteresis. Time-variable atmospheric boundary conditions
were specified based on weather data at Frampol, with a sur-
face water layer h up to 3 cm and free drainage. Evaporation

SOIL SCIENCE ANNUAL

was neglected to focus on the impact of rainfall. For the purpose
of the simulation, we applied weather data recorded during
July 2011 at Frampol weather station (No. 250220080, located
at 50°40' N, 22°40' E) of the Institute of Meteorology and Water
Management-National Research Institute IMGW-PIB) in Po-
land (IMGW-PIB, 2023). July 2011 was exceptionally wet with
precipitation of 262.5 mm, which was three times higher than
the 1991-2020 climatological standard normals for this area of
Poland. The data obtained from IMGW-PIB were processed to
fit the format requirements of HYDRUS-1D.

2.4. Soil structure

For the analysis of soil structure, samples with preserved
structure were taken in two replicates in the vertical plane into
metal boxes of 8 cm x 9 cm x 4 cm from the identified horizons
(Fig. 1). The dried samples were impregnated with a polyes-

Table 2.

Parameter (0] Ah AE E Bt/E Bt BtC C
Parameters of the fitted soil water
characteristic curves. Residual water content, RWC, 0.084 0.169 0.046 0.006 0.009 0.009 0.037 0.001

cm? cm™

Saturated water content, MWC, 0.674 0.664 0.493 0447 0435 0.436 0434 0.445

cm?3 cm3

al, cm™ 0.058 0115 0.001 2070 1.108 1.075 0271 0.294

-1

Explanations: RWC, residual water a2, cm 0.283 0.002 0.122 0001 0.001 0.001 0.001 0.001
content: MWC, maximum (saturated) n1 1.067 2.328 4.030 1.052 1.074 1070 1.128 1.128
water content; al, a2, nl, n2, w2, n2 1.786 2.190 1.393 2.193 5.020 3.748 5.658 5.157
fitting parameters; R’ coefficient w2 0.45 050  0.39 0.22 0.37 0.38 0.47 0.44
of regression of observed vs. fitted R? 0991 0993 0999 0996 0999 0999 1.000  0.999

values of SWRC

Bt/E

g
g
d
:
:

Bt

150

|

I
[] I100

I

|

I

BtC []

200

Fig. 1. (a) Vegetation at the study area, (b) photograph and (c) scheme of the Retisol’s profile. Rectangles show sampling locations.
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ter resin solution and after hardening cut and polished into

slices of ca. 8 cm x 9 cm x 1 cm according to the methodology

described earlier (Stowinska-Jurkiewicz et al. 2012; Bryk and

Kotlodziej, 2014; Bryk, 2016). In that manner, five (O) to eight

(Ah-C) polished block faces were obtained. The specimen faces

were scanned using an Epson Perfection 1200 Photo scanner

with a resolution of 1200 x 1200 dpi and 24-bit colour depth,
resulting in each image having ca. 4000 x 4000 pixels. Mor-
phological structure analysis was carried out based on the soil
blocks and their enlarged photos. The structure was described
using the terminology proposed by Slowiniska-Jurkiewicz et al.

(2012), which incorporated the concepts of Brewer and Slee-

man (1960), Beckmann and Geyger (1967), Jongerius and Ru-

therford (1979), FitzPatrick (1984) and Aguilar et al. (2023).
For morphometric analysis of structure, the scanned imag-

es were processed as previously specified (Bryk and Kolodziej,
2014). Then, morphometric parameters were measured for
cross-sections of pores and solid phase elements detected in
the obtained binary images. Due to the scanning resolution,
the minimum diameter of the measured object was 21.17 pm.
Using data from the entire image, the cross-sectional areas Api
and Asi (cm?) were measured for the pores and solid phase ele-
ments, respectively. Equivalent diameters were subsequently
calculated as: EDp = 2(Api/m)®> or EDs = 2(Asi/m)*°. The number
(Np, Ns), Feret’s diameters at 12 angles from 0 to 165° (DMAXpi
and perpendicular to them DMINpi, cm) and perimeters (Lpi
and Lsi, cm) of the pore and solid phase element cross-sections,
on the other hand, were determined for cross-sections with
centroids located within a protective frame which included
the centrally-placed rectangular covering 90.25% of the area
of each image. The entire areas of the images (4, cm?) and the
protective-frame areas for each image (Af = 0.9025A, cm?) were
then evaluated. In the following, these will be referred to as the
sample area.

The following parameters were calculated for each Retisol’s
horizon by averaging the results obtained from relevant im-
ages:

— therelative area of pore cross-sections (porosity, cm? cm),
AA = LApi/A;

— the relative length of pore cross-sections’ perimeter (the
relative length of the boundary between the pore and solid
phase cross-sections, cm cm2), LA = ELpi/Af;

— the number of pore cross-sections per 1 cm? of the sample
area (the relative number of pore cross-sections, cm), NAp
= Np/Af;

— the number of solid phase element cross-sections per 1 cm?
of the sample area (the relative number of solid phase ele-
ment cross-sections, cm™), NAs = Ns/Af;

— the mean area of pore cross-section (mm?), ANp = LApi/Np;

— the mean area of solid phase element cross-section (mm?),
ANs = LAsi/Ns.

The obtained morphometric parameters of the Retisol’s
structure were classified as follows:

- AA: 0.000-0.100 very low, 0.101-0.200 low, 0.201-0.300 me-
dium, 0.301-0.400 high and > 0.401 cm? cm™ very high;

—  ANp: 0.000-0.100 very small, 0.101-0.200 small, 0.201-0.300
medium, 0.301-0.400 large and > 0.401 mm? very large;

Study on the physical properties of a forest Glossic Retisol developed from loess in SE Poland

—  ANs:0.000-0.400 very small, 0.401-2.000 small, 2.001-10.000
medium, 10.001-50.000 large and > 50.001 mm? very large;

- LA:0.000-10.000 very low, 10.001-20.000 low, 20.001-30.000
medium, 30.001-40.000 high and > 40.001 cm cm™ very
high;

— NAp: 0-100 very low, 101-200 low, 201-300 medium, 301-

400 high and > 401 cm™ very high;

— NAs: 0-50 very low, 51-100 low, 101-150 medium, 151-200
high and > 201 cm™2 very high.

Moreover, elongation indices were calculated for the pore
cross-sections of area larger than 100 pix? (0.045 mm?) as: ELGp =
=(DMAXpi - DMINpi) / (DMAXpi + DMINpi). The elongation index
starts at 0 and reaches 1 for elongated shapes, where DMAX >
>» DMIN (Kolodziej et al., 2004). The pore cross-sections were
classified based on the ELGp values: 0-0.2, 0.21-0.4, 0.41-0.6,
0.6-0.8 and > 0.8. For each class, the relative areas of pore cross-
sections were calculated, ELGp1, ELGp2, ELGp3, ELGp4 and
ELGp5, respectively. Subsequently, for the pore cross-sections of
ELGp > 0.2 (Bryk et al., 2005) there were calculated the relative
areas of horizontally (HORp), diagonally (DIAGp) and vertically
(VERp) oriented pores. The pore orientation was categorised by
the angle of the main axis (DMAXpi), where a horizontal orienta-
tion was 0°, diagonal included 15, 30, 45, 135, 150 and 165°, and
vertical orientation included 60, 75, 90, 105 and 120°.

According to the laws of stereology (Russ and Dehoff, 2000),
all calculated relative areas of the pore cross-sections (AA,
ELGp1-ELGp2, HORp, DIAGp and VERp) represent the relative
volume of the pores, i.e. porosity. Porosities in selected ranges of
equivalent diameters (EDp < 100, 100-300, 300-1000, 1000-3000,
> 3000 um; classes AAp1-AApS5, respectively) and volume frac-
tions of solid phase elements in selected ranges of equivalent
diameters (EDs < 100, 100-300, 300-500, 500-1000, 1000-3000,
3000-10000, 10000-30000, > 30000 um) were also calculated.

2.5. Statistical analysis

Soil physical and chemical parameters were tested for ho-
mogeneity of variance using the Levene’s test and for normal-
ity using the Shapiro-Wilk normality test prior to ANOVA. The
assumptions for ANOVA were not met, therefore differences
among parameters for the Retisol’s horizons were checked using
the Kruskal-Wallis rank sum test followed by pairwise compari-
sons using the Wilcoxon rank sum test (P < 0.05) with P-value
adjustment method of Benjamini and Hochberg (1995). Mean
values and standard deviations were calculated for the studied
parameters. Principal component analysis (PCA) was performed
to examine relationships among the studied parameters in the
Retisol’s horizons. Then, Pearson’s linear correlation coefficients
were calculated for the selected variables based on the PCA re-
sults. Considering the number of analysed pairs of observations
(n = 8), the correlations were statistically significant at P < 0.05
when R = |0.7068 |. Nevertheless, only the strongest correlations
were discussed, with R > |0.9]. The statistical analyses were con-
ducted using Microsoft Excel and the R software environment
(R Core Team, 2022) with the “factoextra” (Kassambara and
Mundt, 2020), “FactoMineR” (Le et al., 2008) and “car” (Fox and
Weisberg, 2019) packages.
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3. Results
3.1. Physicochemical properties

The mineral part of the soil had a silt texture in the AE hori-
zon and silt loam texture in other horizons (Table 1). Due to the
migration of clay, the Ah, AE and E horizons showed lower clay
content relative to the loess parent material C (0.06-0.08 g g™ vs.
0.17 g g™"). Illuviation led to accumulation of clay minerals in the
Bt and BtC horizons, resulting in clay contents of 0.26 and 0.20 g
g1, respectively.

The O and Ah horizons were characterised by a very low
bulk density (BD) of 0.64-0.73 Mg m®. BD increased with depth to
medium-low of 1.23 Mg m™ in AE and medium-high of 1.50-1.59
Mg m in E, Bt/E, Bt, BtC and C. The total porosity (TP) followed
the opposite trend, with higher values in O and Ah, > 0.661 cm?
cm3, medium in AE, 0.532 cm? cm™3, and lower in the remaining
horizons, < 0.439 cm® cm™.

0
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Carbonates were not detected in the soil. The Retisol was
acidic, with pH . ranging from 4.90 (AE) to 5.96 (BtC). The
soil organic carbon content (TOC) decreased gradually with
depth. TOC reached > 20 g (100 g)! in the organic horizon, ca.
3 g (100 g)* in the Ah horizon and 0.18-0.64 g (100 g)! in the
other soil horizons. The TOC content was affected by bioturba-
tion which occurred with different degrees of intensity across
the pedon. The main factors influencing soil faunal activity and
root development were soil bulk density and clay content. In the
more compacted Bt and BtC horizons, soil faunal activity was re-
duced and root growth was impeded. Consequently, less organic
material was transferred to those horizons, leading to lower TOC
compared to the E and C horizons (Table 1, Fig. 2).

3.2. Morphological description of macrostructure

The organic O horizon consisted of Oi and Oe subhorizons
which were formed of loosely arranged beech leaves and oth-

Fig. 2. Representative photographs of the Retisol’s structure in the studied horizons: O-Ah, 0-8 cm; Ah, 8-16 cm; AE, 22-30 cm;

E, 42-50 cm; Bt/E, 80-88 cm; Bt, 96-104 cm; BtC, 152-160 cm; C, 176-184 cm.
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er plant debris, respectively (Fig. 2). An aggregate structure
was evident in the Ah horizon, with strongly- to weakly-de-
veloped biogenic crumbs, loosely distributed in continuous
pore space. However, in many zones, the crumbs were closely
situated, revealing a non-aggregate structure with numer-
ous, sometimes wide, biogenic channels that were created
by plant roots and soil fauna. Some channels were filled with
plant roots. The soil in the most compacted zones had a non-
aggregate fissured structure, with the soil mass separated by
long, horizontal, parallel pores (planes) of varying width, of-
ten interconnected. In the Ah horizon, numerous sections of
fine roots were also visible. The AE horizon showed a simi-
lar structure to that in the lower part of the Ah horizon, with
weakly-developed crumbs or without aggregates. In zones
of intense soil faunal activity, an aggregate structure with
strongly-developed crumbs was identified. Zoogenic channels
reached a diameter of 10 mm and numerous cross-sections of
fine roots were also visible. The structure of the E and Bt/E ho-
rizons was influenced by clay eluviation and bioturbation. In
the vicinity of the roots, the soil showed an aggregate structure
with sub-angular blocks up to 25 mm in size. Dark-coloured
zones, created by megafauna, were also evident; they had a
crumb structure and a structure with zoogenic channels. In
zones of higher density, a cracked and fissured structure was
present, with interconnecting planes of different directions.
The lightest zones lacking humus were the most compacted
and showed a non-aggregate cracked structure with narrow
planes and small vughs (Nadelstichporen). The soil in the Bt
horizon was much more compacted than in the overlying ho-
rizons and revealed mostly a non-aggregate structure with
vughs. However, there were discernible wide channels cre-
ated by megafauna and filled with humus material from the
upper soil layers. Narrow planes branched off from the chan-
nels. Further analysis of bulk soil collected from the Bt horizon
revealed numerous pores filled with clay along with clay coat-
ings present on the pore walls. The BtC horizon had a struc-
ture with vertical and horizontal channels, filled with humus-
rich material, and also zones of an aggregate structure with
weakly- to moderately-developed crumbs. This was indicative
of stronger bioturbation compared to the more compacted Bt
horizon. In the parent material (the C horizon), a non-aggre-
gate structure predominated, with fine vughs typical of loess.
Nevertheless, even at this depth, the impact of animal activity
was apparent as dark patches containing humus transported
from the upper soil layers.

3.3. Morphometric description of macrostructure

As a consequence of the observed soil structure, the O and
Ah horizons showed considerably higher porosity (AA) than the
remaining part of the pedon. AA in the O horizon was very high
and twice that of Ah, for which a medium AA was recorded (Ta-
ble 1). The E horizon revealed a low AA and the other horizons
—a very low AA of ca. 0.5 cm? cm™. The values of the relative
length of pore cross-sections’ perimeter (LA) in the four upper
horizons progressively decreased with depth from very high to
low with horizons O, Ah, AE and E statistically different from

Study on the physical properties of a forest Glossic Retisol developed from loess in SE Poland

each other and from lower horizons. In the remaining part
of the pedon, LA was comparable and very low. The relative
number of pore cross-sections (NAp) was high in the Ah and AE
horizons, medium in O, low in E, Bt, BtC and C and very low in
Bt/E. The relative number of solid phase element cross-sections
(NAs) decreased gradually downwards in the Retisol’s pedon,
reaching very high values in O, low in Ah and very low in the
underlying horizons. The measured porosity and number of
pore cross-sections resulted in a large ANp in the O horizon
and a very small ANp in the rest of the pedon. ANp showed
statistical variation among the O, Ah, AE and E horizons but
was comparable in size from the Bt/E horizon downwards. The
mean area of solid phase element cross-section (ANs) gradu-
ally increased with depth, starting with very small values in O,
through small ones in Ah, medium ones in AE and E and reach-
ing very large values in lower horizons.

3.4. Size distribution of pores and solid phase elements

Size distributions of pores and solid phase elements meas-
ured by SWRC and image analysis (IA) are presented in Fig. 3.
The O and Ah horizons were distinct from the rest of the soil,
having the highest rate of macropores (MA, > 30 um) as shown
by both SWRCs and IA. In the other horizons, the volume of ma-
cropores was 2-3 times lower. The volume of mesopores (ME,
2-30 um) obtained from the SWRCs varied in the Retisol’s pe-
don. It was lower in the O and E horizons, medium in Ah, Bt/E,
Bt, BtC and C, and higher in AE. The highest volume of micropo-
res (ML, < 2 ym) was found in the O horizon and MI decreased
progressively in the E, Ah, Bt/E, Bt, BtC, C and AE horizons. The
Bt/E, Bt and BtC horizons had comparable differential porosi-
ties as measured by SWRC.

The image analysis allowed also for the assessment of
the size distribution of solid phase elements. Once again, the
0 and Ah horizons were different from the rest of the pedon.
These results were in line with the morphological analysis of
macrostructure which identified an aggregate structure in
the upper part of the Retisol. In the O horizon, both smaller
(0.1-1 mm) and larger (> 1 mm) solid phase elements were
visible. In the Ah horizon, elements of 1-30 mm in size were
still discernible, although large cross-sections of solid phase
elements, > 30 mm, predominated. The underlying horizons
exhibited comparable arrangement of the solid phase, mostly
consisting of elements larger than 30 mm, resulting in a con-
tinuous solid phase.

3.5. Shape and orientation of pore cross-sections

An analysis of shape and orientation of the pore cross-
sections was carried out to support the interpretation of soil
hydraulic conductivity. The largest volume of elongated pores
was detected in the Ah horizon, 0.2093 cm? cm™ (Table 3). More
than twice as much elongated pores were found in the O and
E horizons. The remaining horizons had only ca. 0.021-0.034
cm? cm™? of such pores. In the next step, the orientation was
determined for the elongated pores, i.e. belonging to class-
es ELGp2-ELGp5. As stated above, the cross-sections were
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Fig. 3. Pore size distributions obtained from SWRC and image analysis (left axis) and solid phase element size distribution by image analysis (right axis)
in the Retisol’s horizons; thick line: mean value, thin line: + standard deviation.

grouped based on their orientation into: horizontal pores the preliminary statistical evaluation, the diagonal and vertical
(HORp) determining the transportation of substances mostly pores were combined into the DIVEp class. The highest volume
within a layer, and diagonal (DIAGp) with vertical (VERp) gov- of diagonal and vertical pores (DIVEp = DIAGp + VERp) was de-
erning the movement of water both within and between the tected in the Ah horizon, 0.1779 cm? cm ™2 (Table 3). Almost three
layers. Owing to their similar functionality and on the basis of times less such pores were detected in the O and E horizons, ca.
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Table 3.

Study on the physical properties of a forest Glossic Retisol developed from loess in SE Poland

Relative area of pore cross-sections (cm? cm™) in the classes of elongation index (ELGp1-ELGp5) and classes of orientation (HORp, DIAGp and VERp) for

pore cross-sections > 100 pix>2.

Parameter (0] Ah AE E Bt/E Bt BtC C

ELGp1 0.4779 0.0410 0.0181 0.0244 0.0110 0.0139 0.0112 0.0100
ELGp2 0.0255 0.1663 0.0176 0.0529 0.0154 0.0143 0.0155 0.0148
ELGp3 0.0488 0.0375 0.0099 0.0191 0.0144 0.0062 0.0095 0.0082
ELGp4 0.0028 0.0055 0.0023 0.0026 0.0040 0.0007 0.0018 0.0031
ELGp5 0.0000 0.0000 0.0000 0.0001 0.0001 0.0000 0.0000 0.0009
ELGp2_5 0.0771 0.2093 0.0298 0.0747 0.0339 0.0212 0.0268 0.0270
HORp 0.0127 0.0314 0.0038 0.0090 0.0042 0.0036 0.0046 0.0064
DIAGp 0.0429 0.1157 0.0152 0.0362 0.0161 0.0113 0.0142 0.0146
VERp 0.0215 0.0622 0.0108 0.0296 0.0135 0.0063 0.0080 0.0060
DIVEp 0.0644 0.1779 0.0260 0.0658 0.0296 0.0176 0.0222 0.0206

0.065 cm? cm™2. The lowest DIVEp was observed in the Bt hori-
zon, 0.0176 cm? cm2, and the other horizons showed DIVEp of
ca. 0.02-0.03 cm? cm™.

3.6. Water retention and hydraulic conductivity

Interpolated SWRCs are shown in Fig. 4a and water reten-
tion parameters obtained via the RETC programme from meas-
ured data are presented in Table 2. Owing to the fact that the
coefficients of regression of observed vs. fitted values (R?) were
in the range of 0.991-1.000, it was possible to obtain an accurate
prediction of soil hydraulic properties. Within the soil water po-
tential range of -30 to -0.01 kPa (volume of macropores, MA,
equivalent to gravitational water capacity), three distinct SWRC
groups were identified: representing the O and Ah horizons, the
AE horizon and the remaining horizons. The observed similari-

ties in these clusters were due to similarities in structure type
and degree of aggregate development, as characterised in de-
tail in previous sections. Additionally, the previous sections had
described the trends in the Retisol’s pedon with regard to the
mesopore volume (ME), representing the volumetric retention
of water available for plants, and the micropore volume (MI), i.e.
the volumetric retention of unavailable water. The maximum
water capacity (MWC) was the highest in the O and Ah horizons
(ca. 0.67 cm?® cm™), decreased by ca. 27% in AE and reached ca.
0.44 cm® cm™ in the rest of the pedon (Table 1).

Hydraulic conductivities (Ks, Fig. 4b) were classified as very
high in the O horizon, high in Ah, low in AE and very low in the
remaining horizons. The unsaturated hydraulic conductivity (K)
decreased with decreasing effective saturation (ES), calculated
as ES = (WC - RWC)/(MWC - RWC), most rapidly in the surface
soil layer. The decrease was slower in the Ah horizon. For the
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Fig. 4. (a) Observed (dots) and fitted (lines) soil water retention curves; (b) hydraulic conductivity vs. effective saturation in the Retisol’s horizons.

174969



Maja Bryk

other horizons, the strongest decline of K was noted in the ca.
0.8-1 saturation range. Once this ES value was reached, K de-
creased at a much slower rate. The shapes of the plots for the BtC
and C horizons and also Bt/E and Bt horizons were similar.

Figs. 5 and 6 present fluxes (Fig. 5a) and effective saturation
with water (ES) and water content (WC) at the selected depths in
the Retisol’s pedon (Figs. 5b, ¢) and on selected days (Figs. 6a, b)
during a month of simulated precipitation. It is evident that the
largest changes in WC occurred in the upper part of the pedon
(O-E), with stable WC and ES starting from 54 cm downwards
(Figs. 5 and 6). The initially unsaturated soil (Fig. 5; day 0, ES in
the range 0.5-0.8) was wetted via precipitation occurring irregu-
larly during 31 days. The precipitation induced a downward flux
mostly affecting the O-E horizons. Characteristic changes in ES

SOIL SCIENCE ANNUAL

and WC in the upper part of the Retisol’s pedon were observed
on days 4 and 25. After four days of precipitation, soil absorbed
4.24 cm of water. At depths of 0 and 8 cm, the soil did not com-
pletely saturate (ES of 0.64 and 0.74, respectively), but owing to
a sufficient hydraulic conductivity K of ca. 7 cm d* (Fig. 4b) and
some water present in macropores (i.e. ES exceeding 0.531 and
0.499, respectively), a downward flux appeared supplying the
lower layers with water. Consequently, rapid soil wetting oc-
curred at depths of 18 cm and especially 38 cm, leading to (al-
most) full saturation (specifically with ES above 0.765 and 0.814,
respectively) and a vertical water flux (Fig. 5). The water drain-
age resulted in a WC decrease at the depths of 0, 8, 18 and 38 cm.
During the following days, the upper 18 cm of the pedon dis-
played recurring increases in WC and ES after rainfall followed
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Fig. 5. (a) Flux (left axis) and precipitation (right axis), (b) effective saturation and (c) water content at selected depths of the

Retisol’s pedon during a month of simulated precipitation.
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Fig. 6. (a) Effective saturation and (b) water content in the Retisol’s pedon before (Day 0) and on chosen days of a month of simulated precipitation.

by respective decreases, indicating a slow downward movement
of water. These fluxes gradually recharged underlying soil lay-
ers, hence an increase in ES was detected at a depth of 38 cm
after day 17, with a further ES growth following rainfall. As
a result, after day 25, the changes in WC and ES resembled those
observed on day 4. Under the chosen time span and boundary
conditions of the simulation, which took into account Ks meas-
ured for the Retisol’s horizons, virtually no changes in WC and
ES were detected at depths of 54, 95 and 200 cm (Figs. 5 and 6).

3.7. Relationships among the studied parameters

The relationships among the studied parameters were veri-
fied using PCA (Fig. 7) and a subsequent analysis of Pearson’s
linear correlations (Table 4). The PCA model explained 89.61%
of the data variation with the first two principal components
(PC1 and PC2). PC1 covered 67.28% of the variance and was
controlled by the majority of variables: LA, AA, MA, PD, AApS5,
logKs, BD, NAs, TP, TOC, ANp, ELG1p and Ks which were in gen-

Principal component 2 (22.33%)

Principal component 1 (67.28%)

eral negatively correlated with PC1. PC2 explained 22.33% of the
variance, with the most important variables being AAp2, AAp1,
NAp and ME. Other variables (MI, ANs, AAp3, DIVEp, AAp4) had
smaller contributions in either PC1 or PC2 which was clear by
the shorter length of the relevant vectors in relation to the cor-
relation ellipse (Fig. 7, top and right axis, green ellipse). The plot
for the variable loadings revealed their correlation structure, i.e.
grouping of variables. This indicated the relationships between
the morphometric parameters and the physicochemical prop-
erties of the soil. Consequently, image analysis of soil structure
could support the interpretation of soil hydraulic properties.
The score component of the biplot (Fig. 7, bottom and left axis)
revealed four groups of soil horizons: O, Ah, AE and E-C, with E
to some degree separated from the last group. Dots representing
specific horizons were located near the vectors of variables (the
Retisol’s properties) which achieved the highest values in these
horizons. The linear correlation coefficients (Table 4) quantita-
tively indicated the strength of relationships among the param-
eters studied and confirmed the patterns revealed via PCA.

Fig. 7. Principal component analysis
(PCA) for the Retisol’s horizons. Biplot
features: the Retisol’s horizons - bot-
tom and left axis showing PC1 and
PC2 score, respectively; parameters
- top and right axis showing loadings
on PC1 and PC2, respectively.
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Table 4.
Pearson’s correlation coefficients for selected parameters.
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AA AApl  AAp2  AAp4d  AAp5 LA NAs ANp  ELGlp PD BD TP TOC  MI MA
AAp2 0986 -

AAD5 0.997 -

LA 0.962 0938 -

NAp 0.997  0.992

NAs 0.988 0994 0929 -

ANp 0.940 0.964 0961 -

ELGlp  0.930 0.952 0973 0974 -

DIVEp 0.939

PD -0.992 -0.992 -0.951 -0.997 -0.942 -0.956 -

BD -0.975 -

TP 0.935 -0.989 -

TOC 0.945 0.963 0.983 0972 0998 -0.970 -

ME -0.957
MA 0.935 0.906  0.979 -0.912 -0.983 0.959 -
Ks 0.914 0.938 0.963 0968 0999  -0.945 0.996

logKs 0.920 0.977 -0.913 -0.966 0.934 0.948

4. Discussion

Forest soils are characterised by a specific structure. In
natural or minimally anthropogenically influenced forest soils,
the arrangement of genetic horizons within the pedon remains
undisturbed. The top layer is the organic horizon, with genetic
horizons beneath resulting from long-term pedogenesis without
anthropogenic pressure. The continuous deposition of organic
matter on the forest floor leads to the formation of organic ho-
rizons. The loss of organic matter during forest management is
relatively minimal. In addition, organic matter does not rapidly
oxidise owing to the cool, humid and shaded conditions of the
forest floor. The presence of an organic layer and an intact se-
quence of genetic horizons distinguish natural forest soils from
arable or anthropogenic ones (e.g. Domzal et al., 1993). The
structure of the forest soil is intrinsically linked to the nature
of the forest ecosystem with its soil fauna which induces signifi-
cant and beneficial changes in soil structure. The vegetation and
organic layer protect the surface of forest soils from the destruc-
tive effects of heavy rainfall. A characteristic feature of forest
soils is also the abundance of roots which typically extend to
considerable depths. These factors contribute to the develop-
ment of distinctive types of structure in forest soils (e.g. Car-
mean, 1957; Boyle, 2005).

To enhance the current knowledge of forest soils, this paper
provides a unique and comprehensive description of the physi-
cal state of a forest Retisol, including morphometric parameters
of the structure, as well as selected physicochemical characteris-
tics of the identified genetic horizons, ranging from the organic
horizon to the parent material. The analysis of the Retisol’s struc-
ture distinguished three zones with dissimilar properties within
the studied pedon: the organic layer and the mineral material
in which the Ah horizon was differentiated from the rest of the
pedon. The size distributions of pore and solid phase element
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cross-sections clearly reflected the structural features visible
in the images (Bryk, 2010). In the organic horizon, solid phase
elements such as plant residues were separated and loosely
arranged and the soil pores were significantly interconnected
(Fig. 2). As a result, the pore size distributions were initially rath-
er flat, up to the equivalent diameter of 3 mm, due to the low
volume of small pore cross-sections, and then increased visibly,
illustrating the presence of a continuous and large pore space
(Fig. 3). The solid phase, on the other hand, consisted of discrete
elements (aggregates) of varying dimensions (Figs. 2 and 3). In
the Ah horizon, there was a marked decrease in the volume of
pores > 3 mm and at the same time an increase in the amount
of large solid phase elements > 30 mm at the expense of smaller
elements. In the remaining mineral part of the pedon (AE-C),
pores of various sizes were observed, with a predominance of
those smaller than 3 mm. The solid phase was generally continu-
ous, as evidenced by the predominance of elements > 30 mm.
These findings were further supported by the morphomet-
ric parameters (Bryk, 2008). The porosity measured by image
analysis (AA) accurately described the state of soil structure. To-
gether with the relative length of the boundary between pore
and solid phase element cross-sections (LA), the relative number
of pore and solid phase element cross-sections (NAp and NAs,
respectively) and the mean area of pore and solid phase element
cross-section (ANp and ANs, respectively), allowed an in-depth
quantitative analysis of soil structure types (Slowinska-Jurkie-
wicz et al. 2004). The organic horizon exhibited very high poros-
ity and the relative length of the boundary between pore and
solid phase element cross-sections, as well as large mean area
and medium relative number of pore cross-sections and very
small area and very high relative number of solid phase element
cross-section. These features were indicative of a loose arrange-
ment of the soil. The mineral soil horizon with aggregate struc-
ture (Ah) revealed medium porosity and relative length of the
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pore-solid phase boundary. The relative number of pore cross-
sections was high and solid phase element low, with their mean
area very small and small, respectively. The mineral horizons
(E, Bt/E, Bt, BtC and C) that were not aggregated showed a very
low porosity, relative length of the pore-solid phase boundary,
relative number of solid phase elements and mean area of pore
cross-sections. The relative number of pore cross-sections was
low or very low, while the mean area of solid phase elements
was medium or large. The AE horizon had zones of both aggre-
gate and non-aggregate structure, with most of the morphomet-
ric parameters being similar to those in the underlying horizons.
Similar results with respect to macrostructure were obtained by
Sauzet et al. (2016) for a forest Luvisol developed in decarbon-
ated Quaternary loess deposits (France). During a field survey
of a soil profile, they found a moderately-developed medium-
sized granular structure in the A horizon, a weakly-developed
fine subangular blocky structure in E, a weakly- or moderately-
developed coarse or medium prismatic aggregates in the Bt hori-
zon and a massive structure in the parent material. This descrip-
tion indicated the presence of pores-planes in horizons E and B.
Kabala et al. (2019) recognised qualitatively analogous structure
types in forest Luvisols and Retisols developed from thick loess
sediments (Poland). It can therefore be concluded that the Reti-
sol analysed in the current study had a structure typical of a silt
loam clay-illuvial soil, commonly observed under long-standing
forests.

The lower compactness in the upper part of the Retisol was
validated by the higher total porosity (TP) which gradually de-
creased with depth, in line with the values of the relative length
of the pore-solid phase boundary (Table 4). This relationship
was reversed for the bulk density (BD), as total porosity and
bulk density are negatively correlated (for the studied Retisol,
R =-0.989). The recorded bulk density values were consistent
with previous results for forest Luvisols or Retisols developed
from loess (Brahy et al., 2000; Kabatla et al., 2019; Sauzet et al,,
2016).

Additionally, a decrease in the particle density (PD) cor-
responded to an increase in the porosity, relative length of the
pore-solid phase boundary, volume of the pores > 3 mm (AAp5),
mean area of pore cross-section and the relative number of sol-
id phase element cross-sections. A decrease in particle density
in the soil is typically linked to an increase in organic matter
content. It was also confirmed in the present study, because the
correlation coefficient between the particle density and the to-
tal organic carbon (TOC) was -0.970. Thus, the abovementioned
morphometric parameters increased with the increasing carbon
content, indicating the formation and development of an ag-
gregate structure favoured by the soil organic matter (humus).
Firstly, organic matter is a source of nutrients for soil fauna. Soil
organisms create wide pores (channels) through their activity,
which become the main paths for water and air movement, thus
increasing the biologically active volume of the soil. In addition,
the soil fauna efficiently mixes organic and mineral materials
and creates water-stable casts. Secondly, organic matter func-
tions as a binder for soil particles, thus promoting the formation
and stability of soil aggregates (Cosentino et al., 2006; Morris,
2004; Stowinska-Jurkiewicz et al., 2013).

Study on the physical properties of a forest Glossic Retisol developed from loess in SE Poland

Water retention depends in a complex way on soil struc-
ture and composition, consequently the shapes of the soil water
retention curves (SWRCs) reflected the effect of pedogenic proc-
esses on the hydraulic properties of the Retisol’s horizons. Glina
et al. (2014) also indicated a similar relationship when compar-
ing SWRCs in the ¥ range from 0 to -50 kPa of homogeneous and
lamellic illuvial horizons of Luvisols developed from loess.

For the Retisol, the SWRCs shapes as characterised by the
macro-, meso- and micropore volume (MA, ME and MI, respec-
tively) did not show a statistically confirmed correlation with
TOC. Organic matter, however, influenced the Retisol’s struc-
ture, i.e. the size, number and arrangement of soil pores and
solid phase elements, which in turn modelled the water reten-
tion functions. Similarly, Tokova et al. (2023) found a reduction
in bulk density and an increase in total porosity of an arable
silty loam Haplic Luvisol under repeated biochar application
at a dose of 20 t ha?, which improved the saturated hydraulic
conductivity, water storage and overall hydrological soil bal-
ance. Typically, the content of organic matter (organic carbon)
is among the most important input parameters for predicting
soil hydraulic properties. According to Téth et al. (2015), texture
in combination with the organic carbon content provided an ad-
equate basis for the prediction of soil water status in most cases.
However, the effect of organic matter on water retention and
hydraulic conductivity is often inconclusive, since it indirectly
impacts hydraulic properties through soil structure (Rawls et al.,
2003; Lado et al., 2004; Nemes et al., 2005; Saxton and Rawls,
2006; Toth et al., 2015).

In the current study, the O, Ah and AE horizons were dis-
tinct from the rest of the pedon, showing a predominance of
macropores based on the SWRC measurements. This undoubt-
edly resulted also in higher saturated and unsaturated hydraulic
conductivities (Ks and K) in these horizons relative to the rest
of the pedon. Recent studies by Zvala et al. (2020) indicated that
saturated hydraulic conductivity could be very high in the for-
est floor, particularly in the loose litter layer typical of rich de-
ciduous forests. The authors further emphasised that saturated
hydraulic conductivity decreased in the organic horizon from
top to bottom, with increasing decomposition and aggregation
of organic material. However, in the current study, due to the
relatively low thickness of the O horizon, no such trend was ob-
served.

The saturated hydraulic conductivity decreased down-
wards the Retisol’s pedon with decreasing organic carbon (R =
0.996) and increasing particle density (R = -0.945). Plots of un-
saturated hydraulic conductivity (Fig. 4b) indicated comparable
shapes between the BtC and C horizons, as well as the Bt/E and
Bt horizons, owing to their similar structure.

The analysis of the shape and orientation of soil pore cross-
sections showed that ca. 14% (O) and 60-84% (Ah-C) of the
volume of pores > 100 pix? were elongated, with 76% (C) and
83-88% (O-BtC) of those being vertical and diagonal pores. The
Retisol’s horizons revealed comparable proportions of diagonal
with vertical pore cross-sections (DIVEp), although their vol-
umes varied between 0.02-0.18 cm? cm™2. No defined effect of the
amount of these pores on the saturated hydraulic conductivity
was observed. It depended primarily on the porosity and the vol-
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ume of the largest pores (> 3 mm) and increased with increasing
number of solid phase elements and mean area of pore cross-
section, i.e. it was larger for aggregate structures (Table 4). In this
context, the strong positive relationship (R = 0.999) between the
saturated hydraulic conductivity and the volume of non-elon-
gated (round) pore cross-sections (ELGp1) may therefore seem
unexpected, since the round pores were usually isolated in soil
structure images. Indeed, most of the round pore cross-sections
in the deeper horizons of the Retisol were small and isolated (e.g.
Nadelstichporen), so they did not support the water movement.
Nevertheless, the soil also contained numerous large biopores
(channels) that were perpendicular to the cutting plane and
thus detected by image analysis as round objects. These pores
undoubtedly sustained the water flow. It can be assumed that
the Ks-ELGp1 relationship indicated a general tendency for the
hydraulic conductivity to increase with growing pore volume, as
the round pores accounted for ca. 86% (0-A) and 16-40% (A-C)
of the volume of the pores > 100 pix? and the volume of round
pores correlated positively with the porosity (R = 0.930).

The Retisol was situated atop a hill, in an area of undulating
(hilly) relief. The modelling of water content over the 31-day pe-
riod showed that the soil had a favourable (balanced) water-air
regime and an adequate water content. Due to the poorly per-
meable layers present in the pedon (Bt/E, Bt), this soil can expe-
rience periodic water accumulation in the spring and autumn,
as well as occasionally in the peak growing season. However,
neither waterlogging nor gleyic properties were observed in the
field. Considering the recognised soil structure, the downward
flow of water into the pedon may be slow, but it is still possible
owing to the zones of an aggregate structure and random wide
pores, both resulting from bioturbation which locally loosened
the soil in the Bt/E, Bt, BtC and C horizons. A similar effect was
recently reported by Sauzet et al. (2021) who determined the ar-
rangement of earthworm channels in a laboratory experiment
on an arable Luvisol of a silt loam texture (France). They stat-
ed that earthworms opened some large connected biopores in
repacked soil columns, allowing for rapid air and water flows.

5. Conclusions

The resin-impregnated blocks allowed for a morphograph-
ic, morphological and morphometric evaluation of the structure
of the entire Retisol’s pedon from the organic horizon to the par-
ent material. The field survey and the soil structure images indi-
cated that the studied forest soil had an undisturbed sequence of
genetic horizons. The soil flora and fauna played an important
and distinctive role in shaping the soil structure, causing biotur-
bation.

The morphometric parameters provided a quantitative and
synthesised assessment of the structure in the Retisol’s pedon.
This enabled the identification of the characteristic structural
features in the O, Ah, AE, E, Bt/E, Bt, BtC and C genetic horizons.

The qualitative and quantitative analysis of the structure
revealed that the organic horizon had a loose arrangement, Ah
had an aggregate structure, AE had zones of an aggregate and
non-aggregate structure, while the remaining mineral horizons
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showed essentially a non-aggregate structure with varying pro-
portions and sizes of planes and biogenic pores. The round pore
cross-sections prevailed in the organic horizon, whereas the
elongated pore cross-sections predominated in mineral hori-
zons. The vertical and diagonal pores accounted for more than
76% of the elongated pores.

Both the morphometric and selected physicochemical pa-
rameters were studied, facilitating the detailed analysis of the
Retisol’s physical state. Numerous positive correlations were
found among the morphometric parameters: AA, AAp1, AAp2,
AAp4, AApPS, LA, NAp, NAs, ANp, ELGp1 and DIVEp. Positive cor-
relations were found for TOC and Ks with AA, AAp5, NAs, ANp
and ELGp1; logKs with AA and AAp5; MA with AA, AApS, LA;
logKs with TP and MA. Negative correlations were detected for
PD with AA, AAp5, LA, NAs, ANp and ELGp1; BD with LA; Ks with
PD; logKs with PD and BD.

The Retisol’s structure type and degree of aggregate devel-
opment directly influenced its hydraulic conductivity and reten-
tion capacity. The O and Ah horizons had the highest MWC, MA
and Ks. Intermediate values of these parameters were noted in
the AE horizon and lower — in the remaining of the pedon. In the
31-day experiment modelling fluctuating precipitation, the soil
water content and effective saturation varied mainly in the up-
per part of the pedon (the O-E horizons). Under the chosen time
span and boundary conditions, virtually no changes in these pa-
rameters were observed at lower depths (the Bt-C horizons).

The research resulted in a comprehensive set of physico-
chemical and morphometric parameters along with structure
images that were unavailable in other studies, covering the
physical state of the entire forest Retisol’s pedon. The results ob-
tained may serve, for example, as a reference (control) for anal-
ogous soils located in non-forest ecosystems and become an ele-
ment in space-for-time substitution scenarios aimed at assessing
the intensity of anthropogenic transformation.
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Studium wlasciwosci fizycznych lesnej gleby plowej zaciekowej wytworzonej
z lessu na Wyzynie Lubelskiej, poludniowo-wschodnia Polska

Slowa kluczowe Streszczenie

Struktura gleby

Porowato$¢ gleby

Rozklad wielko$ci porow
Retencja wody glebowej
Przewodnictwo wodne gleby
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Gleby plowe (gleby z poziomem argik), wytworzone z lesséw lub innych osadéw pytowych, sta-
nowia wysokiej jako$ci grunty orne ze wzgledu na korzystne wlasciwosci fizyczne i chemiczne.
Dlatego istnieje wiele opracowan na temat takich gleb, dotyczacych ich struktury, zageszczenia,
erozji, wlasciwosci wodnych i powietrznych. Wciaz jednak brakuje iloSciowych badan struktu-
ry i wlasciwosci fizycznych analogicznych gleb lesnych. Celem niniejszych badan byt komplek-
sowy opis wilasciwosci fizycznych, w tym struktury, wlasciwosci wodnych i powietrznych, le$nej
gleby plowej zaciekowej wytworzonej z lessu. Wykonano analize morfograficzna, morfologiczna
i morfometryczna struktury, zbadano wybrane wtasciwosci fizykochemiczne i wodno-powietrzne,
a nastepnie zalezno$ci miedzy uzyskanymi parametrami dla poziomdéw genetycznych O, Ah, AE,
E, Bt/E, Bt, BtC i C. Badania terenowe oraz zdjecia struktury gleby wykazaly, ze badana gleba lesna
miala niezakldcony uktad pozioméw genetycznych. Struktura gleby zostala uksztaltowana przez
flore i faune glebowa powodujace bioturbacje. Jako$ciowa i ilo§ciowa analiza struktury wykazala,
ze poziom O mial luzny uklad, poziom Ah mial strukture agregatowa gruzelkowa, w poziomie
AE byly strefy o strukturze agregatowej gruzelkowej i strukturze nieagregatowej (szczelinowej
lub z kanalami), natomiast pozostale poziomy mineralne wykazywaly zasadniczo strukture nie-
agregatowa z réznymi udziatami i rozmiarami poréw typu spekan i poréw biogennych (tj. odpo-
wiednio strukture szczelinowa lub szparkowa i strukture z kanalami). Parametry morfometryczne
struktury i parametry fizykochemiczne umozliwily szczegélowg charakterystyke stanu fizyczne-
go gleby plowej zaciekowej. Typ struktury gleby i stopien uksztaltowania agregatéw glebowych
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miaty bezposredni wplyw na przewodnictwo wodne gleby i jej zdolnos$¢ do zatrzymywania wody.
Dlatego, jak wykazala symulacja opadéw atmosferycznych, zawarto$¢ wody w glebie i efektyw-
ne nasycenie zmienialy sie gtéwnie w wierzchniej warstwie gleby (poziomy O-E), a praktycznie
nie obserwowano takich zmian w glebszych warstwach (poziomy Bt-C). Wynikiem przeprowa-
dzonych badan byla kompleksowa analiza parametréw fizykochemicznych, morfometrycznych
i zalezno$ci miedzy nimi oraz obrazy struktury, niedostepne wczeéniej w innych opracowaniach,
opisujace stan fizyczny catego pedonu lesnej gleby plowej zaciekowej. Uzyskane wyniki moga sta-
nowi¢ uklad odniesienia (uklad kontrolny) dla analogicznych gleb zlokalizowanych w ekosyste-
mach niele$nych. Moga takze sta¢ sie elementem badan oceniajacych intensywno$¢ przeksztalcen
antropogenicznych, w ktérych dane odnoszace sie do czasu zastepuje sie danymi odnoszacymi sie
do przestrzeni.
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