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Abstract

Podzolization process play a key role in the conditioning of forest habitats and the storage of
organic carbon in soils. In the Carpathian Foothills development of Podzols is hampered either by
the properties of the loess cover or the major part of the flysch parent material. However, soils
subjected to podzolization occur sporadically in this area. The aim of this study was to determine
the threshold of podzolization occurrence in the flysch parent material occurring locally in the
Wieliczka Foothills and to determine the spatial variability of soils on a hillslope. The results
showed that shift into podzolization is primarily related to the occurrence of sand-textured par-
ent materials with low contents of clay and iron. Secondly, differences in organic matter decom-
position rates may also affect podzolization. Soils in the investigated slope transect showed cat-
enary increase of clay and pedogenic oxides contents. The formation of accumulative soils in the
lower slope positions may be related with higher pH of the parent material that affects precipita-
tion of soil constituents from laterally translocated solution. Furthermore, the effects of lateral
soil solution flux limits the area where intensive vertical podzolization occur. Thus, considering
lateral podzolization is crucial for correct determination of forest habitat conditions, estimation

of soil organic carbon sequestration potential as well as in soil cartography.

1. Introduction

Podzolization process is considered as mobilization of Al,
Fe and other products of minerals weathering by organic acids
in a surface part of soil and its immobilization in a subsurface
part (e.g. Lundstréom et al., 2000). From the ecological point of
view soils subjected to podzolization play a significant role in:
(1) conditioning forests habitats due to the depletion of nutri-
ents in the root zone (e.g. Lasota, 2004a, 2004b), and (2) serving
as a crucial organic carbon sink (Brock et al., 2020).

In the soil cover of the Carpathian Foothills podzolized
soils occur very sporadically (Skiba and Drewnik, 2003). The
majority of soils of this area is developed from carbonate-free
loess sediments covering flysch deposits. The loess cover is a
parent material for soils classified according to the WRB (IUSS
Working Group WRB, 2015) as Luvisols and Retisols, and ac-
cording to Polish Soil Classification (PSC) (Systematyka gleb
Polski, 2019; Kabala et al., 2019) to clay-illuvial soils covering
about 80% of the area (Uziak, 1962; Zasonski, 1981, 1983; Skiba,
1995; Szymanski et al., 2011). The other soils are: (1) Cambisols
either developed from loess colluvic material (PSC: brown soils

or ordinary delluvial soils) or formed in a result of substantial
erosion of lessivaged soils (PSC: brown soils or eroded clay-
illuvial soils), (2) Fluvisols (PSC: alluvial soils) and (3) Gleys-
ols (Skiba et al., 1998). Locally occur Calcaric Leptosols (PSC:
rendzinas) (Zasonski and Skiba, 1988). Soil podzolization is
restricted to the small areas where the regolith of sandstones
or conglomerates layers that build some flysch deposits oc-
cur at the surface (usually associated with rock outcrops) and
is not covered with loess materials (Adamczyk et al., 1989).
Moreover, the regolith of more fine-grained flysch rocks, i.e.
mudstones, claystones or shales, due to high concentrations of
clay and iron also suppress development of Podzols (Gruba,
2001). Thus, there is a need for detailed studies on conditions
that determine Podzol formation and the thresholds of its
occurrence.

Podzolization is also one of the soil-forming processes
showing very distinct differentiation of the effects at the land-
scape level (Sommer et al., 2000, 2001). Due to lateral soil so-
lution fluxes at hillslopes podzolization may operate either
in vertical and in lateral direction leading to formation of
relatively depleted soils in upper slope positions and enriched
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ones at footslopes. This phenomenon was described in differ-
ent mountainous and upland areas where environmental con-
ditions favored podzolization of soils (Schlichting, 1963; Gla-
zovskaya, 1968; Karavayeva, 1968; Lucas and Chauvel, 1992;
Sommer et al., 1997, 2000, 2001; Jankowski, 2001, 2014; Bour-
gault et al.,, 2015, 2017; Waroszewski et al., 2016). The effects of
lateral soil solution fluxes may also coincide with differences
in soil moisture along a hillslope and its influence on podzoli-
zation development (Dzieciolowski, 1976; Seibert et al., 2007;
Migon and Kacprzak, 2014) or with variation of soil properties
originating from differences of a bedrock in a catena (Musielok
et al., 2021). A soil pattern formed as a result of this process
- with depletion and accumulation zones located alternately
in a landscape — may substantially differentiate habitat condi-
tions within a small area.

The main aim of this study was to determine the threshold
of podzolization occurrence in the flysch parent material occur-
ring locally in the Wieliczka Foothills. Furthermore, an attempt
was made to determine the spatial variability of soils on a for-
ested hillslope in the environmental conditions of the Carpath-
ian Foothills.
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2. Study area, materials and methods

The study was carried out in the Wieliczka Foothills in
southern Poland (Fig. 1a) at the slopes of Mount Dziurak (424
m a.s.l.) (Fig. 1b). The uppermost part of Mt. Dziurak is built of
the flysch rock layers of Silesian Formations (Burtan and Wojcik,
2017) that consist of coarse-grained sandstones and conglomer-
ates described in the literature as the Istebna layers (Slaczka et
al.,, 2006). These flysch rock layers in this area have the dip direc-
tion to SW. In lower slope positions the loess sediments covers
or are mixed with the regolith of flysch rocks (Adamczyk et al.,
1989). The area is covered with mixed fir-beech forest (Fig. 1c).
The native vegetation in the study area were most probably
deciduous forests (Tilio-Carpinetum) with hornbeam (Carpinus
betulus L.), lime (Tilia cordata Mill.), oak (Quercus sp.), and beech
(Fagus sylvatica L.) (Towpasz and Zemanek, 1995); however, it is
likely that fir (Abies alba Mill.) forests predominated at higher
elevations with poorer soils. The climate of the studied area is
moderately humid with mean annual precipitation between 700
and 900 mm and mean annual temperature ranging from 6°C to
8°C (Hess, 1965; Wypych et al, 2018).

0 30.60m

Fig. 1. Location of the study area (a - study area within the area of the Carpathian Foothills, 1 — mesoregions according to Solon et
al. (2018), 2 — study area; b — location of the investigated sites on the Digital Elevation Model; c - location of the investigated sites on

the ortophoto)
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Fig. 2. Occurrence and thickness of the eluvial ho-
rizons in soils of Dziurak Mt (a — areas with soils
disturbed by human activity, b — occurrence of
pit-mound microtopography associated with old
windthrows, ¢ — location of study sites with in-
vestigated soil profiles, d —location of shallow soil
pits or boreholes)

Occurrence of Podzols developed from flysch in the Carpathian Foothills
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The selection of the study sites was preceded by the detailed
mapping of the soil cover and geomorphic forms (Fig. 2). In to-
tal 59 pits or boreholes were excavated. Then four study sites
representative for the slope positions were selected for further
investigations (Table 1). The study sites were located along the
140 m long slope transect on the northeastern slopes of Dziu-
rak Mt (Fig. 1b). Site 1 represented the summit flattening, site 2
— upper slopes, site 3 — upper middle slopes, and site 4 — lower
middle slopes. Soils at the sites 1-3 were developed from the fly-
sch rocks of the Istebna layers, while soil at the site 4 was devel-
oped from cover bed including regolith of flysch and significant

Table 1
Location and site characteristic

loess admixture (Table 1). The sites 2-4 were located on straight
and convex slope of constant inclination between 15 and 20°
(Fig. 1b). The soil profiles at the study sites were described ac-
cording to the Guidelines for Soil Description (Jahn et al. 2006).
The soil color was described for samples in the moist and dry
states using Munsell soil color charts. Soil samples (ca. 0.5-1 kg)
were collected from all genetic horizons. Moreover, a core sam-
pler (63.5 cm® was used to collect undisturbed soil samples
from the mineral soil. The samples were air-dried, then gently
crushed, and sieved through a 2 mm mesh stainless steel sieve.
All the living roots were removed from the samples.

Site No Coordinates Geomorphic position Elevation Parent material
[m a.s.l]

1 49°50°52.92”N, Summit flattening 424 Flysch regolith (Istebna layers)
20°02’23.03”E

2 49°50°53.90”N, Upper slope 415 Flysch regolith (Istebna layers)
20°02°24.96”E

3 49°50°55.32”N, Upper middle slope 397 Flysch regolith (Istebna layers)
20°02°23.85”E

4 49°50°58.21”N, Lower middle slope 375 Loess mixed with flysch regolith

20°02°26.51”E
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The soil pH was measured in deionized water and in 1M
KCl solution at a 1:2.5 ratio (Thomas, 1996). The pH values were
below 6.2 in all the samples, hence it was assumed that the in-
vestigated soils were carbonate-free. The concentration of total
carbon (TC) was determined by dry combustion gas chromatog-
raphy using a CHN analyzer (vario MICRO cube elemental ana-
lyzer, Elementar, Germany). Due to the lack of carbonates in the
soils, it was assumed that TC content corresponds to soil organic
carbon (SOC) content (Egli et al., 2010). The particle-size distribu-
tion was determined using combined sieving and hydrometer
method (Gee and Bauder, 1986; Van Reeuwijk, 2002). The bulk
density (BD) was determined using oven-drying and weighing
method. The base saturation (BS) was calculated as a ratio of
base cations (BC - Ca2+, Mg2+, Na+, K+) measured in the am-
monium acetate (pH 7) extract (Burt 2004) using AAS to the sum
of BC and exchangeable aluminium (IUSS Working Group WRB
2015). Exchangeable Al was determined by titrating 1M KCl, un-
buffered extract with 0.1M NaOH in presence of 3.5% NaF. The
concentration of free Fe-oxides in bicarbonate-citrate-sodium
dithionite (BCD) extract (Fe,) and amorphous Fe- and Al-oxides
in ammonium oxalate extracts (Fe and Al ) (Van Reeuwijk, 2002)
were determined using AAS (240FS AA, Agilent Technologies).
The soil chemical composition was determined via ICP-ES after
digestion of the samples using lithium metaborate/tetraborate
and dilute nitric acid at Bureau Veritas (Vancouver, BC, Canada).
On the basis of the chemical composition mass balance calcula-
tions for selected elements (Al, Fe, Mg and Na) concentrations
were obtained using the open-system mass transport function
T, (Chadwick et al., 1990):

 Ciw - Cip

Tip = -1,
WG - C

Jp

where: i denotes the immobile element, q » is the concentration
of element j in unweathered parent material, and C,, is the con-
centration of element j in weathered soil. Zr was used as the im-
mobile element. The quantification of gains or losses of soil ele-
ments was calculated in the relation to the content of elements
in the lowermost CB horizons. In the case of profile 1 the CB ho-
rizon of profile 2 served as the reference unweathered horizon.
Fe /Fe, ratio that serve as the weathering index (Schwertmann,
1964) was also calculated.

Moreover, to compare the soils in the investigated transect
mass densities of pedogenic oxides and clay were calculated on
a volume basis down to the upper boundary of the CB horizons
(according to Sommer et al., (2001):

n 100 - cf;
M, =Y |x;BD;y; ——=21|,
X ;( i i Vi 10,000 j

where: M, denotes mass of element x in soil fine-earth expressed
in kg m profile depth, x, is the concentration of element x in
horizon i [g kg fine earth], n is the number of horizons to the
upper boundary of CB horizon, BD is the bulk density [Mg m-], y
is the thickness of the horizon i [cm], and f; is concentration of
coarse fragments in the horizon i [vol. %].
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For podzolized soils ‘illuviation-eluviation ratio of podzol-
ization’ (IER,,,,,) was calculated (Sommer et al., 2001). IER .,
is a dimensionless ratio between the sum of the illuvial horizon
thicknesses and the sum of the eluvial horizons thicknesses in
a soil profile. Sommer et al. (2001) named soils with IER , , val-
ues below 0.5 as ‘E-Podzols’, while with values greater than 2.0
as ‘Bs-Podzols’.

Soil profiles were classified according to the World Refer-
ence Base for Soil Resources (IUSS Working Group WRB, 2015)
and Polish Soil Classification (Systematyka gleb Polski, 2019;
Kabala et al., 2019).

3. Results

The thickness of the investigated soils was between 70 cm
and 90 cm and the soils contained from 3% up to 50% of coarse
fragments — usually from the gravel fraction (Table 2, Fig. 3).
The color of soil material in studied soils was usually 10YR or
7.5YR, while the structure was granular jointly with subangular
in the upper part of soils and angular blocky in the lower parts
(Table 2, Fig. 3). SOC content varied from 0.3% in the lowermost
CB horizons up to 35% in organic (O) horizons (Table 3). All soils
showed very high content of SOC in A horizons. Furthermore,
in soil at site 1 SOC distribution in the profile showed relative
increase in Bhs horizon, while in the other profiles gradually de-
creased down the soil profiles. C/N ranged from 9 to 31 with the
highest values in Ah horizon of profile 1 and EA horizon of pro-
file 2 (Table 3). The reaction in all investigated soils was acidic
with the pH (in water) in the range from 3.4 in Ah horizon of
profile 2 to 5.5 in CB horizon of profile 3 (Table 3). pH values
showed also a catenary trend (particularly clear in the lower-
most horizons) with the lowest values in profile 1 and the high-
est in profiles 3 and 4. The BS ranged from 3% to 79% with the
minimum value in Bw1 horizon of profile 4 and maximum in
CB horizon of profile 3 (Table 3). The lowest BS was found usu-
ally in the middle part of the profile (Bhs or Bw horizons), while
the highest BS was typical for Ah and CB horizons. The texture
in profiles 1 and 2 was usually loamy sand, in profile 3 — sandy
loam, while in profile 4 it was loam changing into silt loam in the
lowermost horizon (Table 4). The BD varied from 0.3 g cm= in Ah
horizons to 1.5 g cm™2 in CB horizons gradually increasing with
the soil depth (Table 4).

The chemical composition was homogenous for the pro-
files 1-3 with content of SiO, usually above 90% (Table 5, values
used in the text consider the share of loss on ignition). Howev-
er, the content of this component was slightly lower in profile
3 in comparison with profiles 1 and 2. In contrast to profiles
1-3, profile 4 showed more differentiated chemical composi-
tion with substantially lower content of SiO, (between 83% and
86%) and relatively higher content of Al,O,, Fe,0,, MgO and
CaO (Table 5).

The content and distribution of pedogenic Al and Fe oxides
indicated podzolization in profiles 1 and 2 with depleted EA
and E horizons and enriched subsurface Bhs and Bs horizons
(Table 6). The values of Al +1/2Fe_ in illuvial horizons of profiles
1 and 2 showed relative increase in comparison with horizons
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Table 2
Morphology of the analyzed soils

Occurrence of Podzols developed from flysch in the Carpathian Foothills

Depth Horizon CF? Color Structure? Roots Consistence®
Content [% vol.] Fraction [USDA]® Moist Dry
Site 1. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
1-0 Oie 0 - n.d.c n.d. n.d. many VFR
0-6 Ah 0 - 10YR 1.7/1 10YR 3/1 SB, GR common FR
6-20 E1 0 - 10YR 4/1 10YR 6/1 SB, GR common FR
20-35 E2 10 g, ch 10YR 5/2 10YR 7/2 SB, GR common FI
35-50 Bhs 30 g, ch 7.5YR 5/4 7.5YR 7/4 AB, SB, GR common FI
50-75 BsC 50 g, ch, st 7.5YR 5/4 7.5YR 7/4 AB, SB, GR few VFI
Site 2. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
30 Oie 0 - n.d. n.d. n.d. many VFR
0-5 Ah 0 - 10YR 1.7/1 10YR 2/2 GR many VFR
5-10 EA 0 - 10YR 4/1 10YR 6/1 SB, GR many VER
10-15 E 0 - 10YR 5/2 10YR 8/1 AB, SB common FR
15-22 Bhs 5 g, ch 7.5YR 5/4 7.5YR 7/3 AB, PL common FI
22-40 Bs 40 g, cb 7.5YR 6/4 7.5YR 7/4 AB, SB, GR common FR
40-70 BC 20 g, ch 7.5YR 6/4 7.5YR 7/4 AB, SB, GR few FR
70-90 CB 20 g, cb 10YR 6/4 10YR 8/2 AB, SB, GR few FI
Site 3. Epidystric Endoeutric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
2-0 Oie 0 - n.d. n.d. n.d. many VER
0-2 Ah 0 - 10YR 2/2 10YR 2/2 GR many VFR
2-6 A 3 g 10YR 5/1 10YR 5/1 GR common FR
6-18 Bw(s)1 3 g 7.5YR 7/4 7.5YR 7/4 SB, AB few FI
18-33 Bw(s)2 10 g, ch 10YR 8/2 10YR 8/2 SB, AB, GR few FI
33-60 BC 10 g, ch 10YR 8/2 10YR 8/2 AB few FI
60-70 CB 30 g, ch 10YR 8/2 10YR 8/2 AB, SB, GR - VFI
Site 4. Dystric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
1-0 Oie 0 - n.d. n.d. n.d. common VFR
0-5 Ah 3 g 10YR 2/1 10YR 4/1 SB, GR common FR
5-25 Bwl 3 g 10YR 5/3 10YR 7/3 AB few FI
25-45 Bw2 5 g 10YR 5/4 10YR 7/3 AB few FI
45-70 CBg 10 g 10YR 5/4 + 10YR6/3  10YR 7/3 + 10YR &/1 AB few FI

2Coarse fragments

b Fraction of coarse fragments according to the United States Department of Agriculture: g — gravel, cb — cobbles, st - stones

¢ Not determined

4 Structure type: SB — subangular blocky, AB - angular blocky, GR - granular, PL - platy

¢ Consistence: VFR- very friable, FR - friable, FI - firm, VFI - very firm

lying above; however, they did not fulfill the requirements for
spodic horizons (IUSS Working Group WRB, 2015). In profiles 3
and 4 distribution of Fe, Fe, and Al did not indicate any evi-
dence of profile translocation and subsurface enrichment. The
Fe /Fe, values showed bimodal distribution in profiles 1 and 2

(with peaks in Ah and Bhs horizons), while in soils at sites 3 and 4
values of Fe /Fe, ratio decreased down the profiles (Table 6). The
degree of weathering expressed by Fe /Fe ratio was the highest
in profile 1 with the values between 0.8 and 1.0, while the lowest
was in profiles 3 and 4 (0.3-0.6 and 0.3-0.5, respectively; Table 6).
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Fig. 3. Morphology of the analyzed soils at sites 1-4

The open-system mass balance calculations for Al, Fe, Mg
and Na showed depletion of all soils with these components in
relation to its concentration in the CB horizons (Fig. 4). Relatively
more depleted were podzolized soils at sites 1 and 2 (up to 90%
Fe and Mg in E and EA horizons), while non-podzolized soils at
sites 3 and 4 were clearly less depleted. Moreover, occurrence
of podzolization in profiles 1 and 2 was reflected in relatively
lower 7 values obtained for Bhs and Bs horizons in comparison
with E horizons (Fig. 4).
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The topofunctions of mass densities obtained for Fe, and
Fe, along the investigated transect showed a gradual catenary
increase (Fig. 4a). Pedogenic Fe showed threefold higher mass
densities in soil located at the lower middle slope in com-
parison with soil at the summit flattening. Al mass increased
only slightly in soils located along in the investigated transect
(Fig. 4a). The clay mass densities showed the lowest value in
soil at the upper slope and twofold higher value in soil in the
lower middle slope position (Fig. 4b). The IER value for

odzol



SOIL SCIENCE ANNUAL

Table 3
Chemical properties of the analyzed soils

Occurrence of Podzols developed from flysch in the Carpathian Foothills

Depth Horizon soc? C/N pH BS¢
[%] [H,0] K1 [%]
Site 1. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
1-0 Oie 35.7 25 3.9 2.9 n.d.
0-6 Ah 7.8 31 3.6 2.8 11
6-20 E1l 0.9 17 3.9 3.2 12
20-35 E2 0.4 18 4.0 3.3 9
35-50 Bhs 0.6 18 4.4 3.9 4
50-75 BsC 0.6 n.d’ 4.5 4.0 8
Site 2. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
3-0 Oie 34.8 24 4.3 3.6 n.d.
0-5 Ah 13.1 23 34 2.9 21
5-10 EA 31 30 3.8 3.0 11
10-15 E 1.1 17 4.1 3.3 6
15-22 Bhs 1.0 17 4.3 3.7 4
22-40 Bs 0.7 11 4.7 4.1 9
40-70 BC 0.7 n.d. 4.8 4.1 7
70-90 CB 0.3 n.d. 4.8 4.1 10
Site 3. Epidystric Endoeutric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
2-0 Oie 32.2 22 4.5 4.1 n.d.
0-2 Ah 17.3 22 3.5 2.9 22
2-6 A 2.6 23 3.8 3.1 5
6-18 Bw(s)1 0.7 16 4.4 3.7 4
18-33 Bw(s)2 0.4 9 4.6 3.9 7
33-60 BC 0.2 n.d. 5.2 4.0 36
60-70 CB 0.3 n.d. 5.5 4.1 79
Site 4. Dystric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
1-0 Oie 221 18 3.6 3.0 n.d.
0-5 Ah 13.2 23 35 2.9 8
5-25 Bwl 1.7 20 4.3 3.6 3
25-45 Bw2 0.5 11 4.5 3.7 7
45-70 CBg 0.4 n.d. 4.9 3.7 26

2Soil organic carbon
» Not determined
¢ Base saturation

profile 1 was 1.4 — much higher than the upper limit for ‘E-
Podzol’ — while for profile 2 it was 2.5 qualifying this soil as
‘Bs-Podzol’ (Table 6).

Based on the set of obtained properties soils at sites 1 and 2
were classified according to WRB (IUSS Working Group WRB,
2015) as Albic Podzols. Although the soils did not meet the
chemical requirements for the spodic horizon (too low Al and

Fe, contents), the color of the illuvial horizons and the presence
of albic materials in E horizons enabled classifying these soils
as Podzols. Soil at site 3 was classified as Epidystric Endoeutric
Cambisol and soil at site 4 as Dystric Cambisols. According to
Polish Soil Classification (Systematyka gleb Polski, 2019; Kabala
et al., 2019) profiles 1 and 2 were classified as typical podzolic
soils, while profiles 3 and 4 as leached brown soils.
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Table 4
Texture and bulk density of the analyzed soils

Depth Horizon Particle size distribution [%] Textural BDY
class?
. . . [USDA] T
V. coarse Coarse Med. sand Fine V. fine sand Coarse silt Fine Clay [g cm ]
sand sand (0.5-0.25 sand (0.10-0.05  (0.05-0.02 silt (< 0.002 mm)
(2.0-1.0 (1.0-0.5 mm) (0.25-0.10 mm) mm) (0.02-0.002
mm) mm) mm) mm)

Site 1. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)

0-6 Ah 7 23 27 22 5 5 4 7 LS 1.04
6-20 El 6 17 27 28 8 1 4 9 LS 1.12
20-35 E2 4 12 28 34 9 3 7 3 S 141
35-50 Bhs 7 14 25 29 8 3 4 10 LS 1.07
50-75 BsC 10 18 27 26 6 2 6 5 LS 1.48

Site 2. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)

0-5 Ah 4 26 24 21 6 8 6 5 LS 0.28
5-10 EA 4 15 24 29 8 7 9 4 LS 0.64
10-15 E 7 14 21 27 9 7 10 5 LS 1.27
15-22 Bhs 6 15 22 26 8 3 15 5 LS 1.25
22-40 Bs 6 15 22 26 8 5 8 10 SL 1.15
40-70 BC 9 16 23 26 8 3 12 3 LS 1.35
70-90 CB 7 20 24 26 8 2 8 5 LS 1.46

Site 3. Epidystric Endoeutric Cambisol (WRB 2015), Leached brown soil (PSC 2019)

0-2 Ah 4 24 23 23 6 7 10 3 LS 0.32
2-6 A 5 14 19 24 8 7 12 11 SL 0.62
6-18 Bw(s)1 5 13 19 23 9 9 13 9 SL 1.29
18-33 Bw(s)2 4 13 19 24 9 8 15 8 SL 1.37
33-60 BC 4 12 20 25 9 7 18 5 SL 1.43
60-70 CB 12 13 19 23 8 12 7 6 SL 1.44

Site 4. Dystric Cambisol (WRB 2015), Leached brown soil (PSC 2019)

0-5 Ah 2 13 12 15 7 14 23 14 L 0.73
5-25 Bwl 3 7 8 13 7 14 31 17 L 1.03
25-45 Bw2 3 6 8 12 7 20 29 15 L 1.24
45-70 CBg 2 5 8 11 6 24 26 18 SiL 1.23
a Textural class according to the United States Department of Agriculture: LS - loamy sand, S - sand, SL — sandy loam, L - loam, SiL - silt loam

b Bulk density

8
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Table 5
Chemical composition of the analyzed soils

Depth Horizon Sio, AlLO, Fe,O, MgO CaO Na,0 K,0 TiO, PO, MnO Zr LOI*
[%] ppm [%]
Site 1. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
0-6 Ah 89.07 2.01 0.28 0.03 0.03 0.15 1.11 0.12 0.03 0.01 117 7.1
6-20 E1l 94.95 2.48 0.09 0.01 0.02 0.13 1.12 0.11 0.04 0.01 208 1.0
20-35 E2 93.94 2.68 0.18 0.03 0.02 0.21 1.56 0.19 0.01 0.01 223 1.1
35-50 Bhs 93.78 2.73 0.26 0.04 0.01 0.18 1.45 0.15 0.03 0.01 152 1.3
50-75 BsC 93.17 3.05 0.41 0.05 0.02 0.22 1.59 0.16 0.02 0.01 196 1.3
Site 2. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)
0-5 Ah 72.25 3.25 1.01 0.08 0.08 0.24 1.36 0.21 0.07 0.01 175 21.4
5-10 EA 90.33 2.95 0.45 0.04 0.03 0.28 1.58 0.20 0.03 0.01 183 4.0
10-15 E 95.19 2.06 0.30 0.02 0.01 0.18 1.30 0.11 0.01 0.01 167 0.8
15-22 Bhs 92.26 3.32 0.55 0.05 0.03 0.29 1.66 0.18 0.02 0.01 150 1.6
22-40 Bs 90.78 4.04 0.64 0.06 0.04 0.35 1.86 0.25 0.03 0.01 188 1.9
40-70 BC 88.33 5.62 1.01 0.15 0.04 0.48 2.16 0.31 0.04 0.01 203 1.8
70-90 CB 89.72 5.08 0.76 0.12 0.03 0.45 2.08 0.23 0.03 0.01 152 1.4
Site 3. Epidystric Endoeutric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
0-2 Ah 65.59 4.52 1.37 0.14 0.11 0.35 1.43 0.32 0.10 0.01 182 26.0
2-6 A 85.90 4.79 0.81 0.10 0.06 0.46 1.90 0.36 0.04 0.01 239 5.5
6-18 Bw(s)1 87.97 5.10 1.01 0.13 0.06 0.46 1.89 0.36 0.03 0.01 243 2.9
18-33 Bw(s)2 89.16 4.95 0.81 0.13 0.06 0.45 1.88 0.33 0.03 0.02 245 21
33-60 BC 89.15 5.05 0.87 0.14 0.08 0.48 1.95 0.34 0.03 0.02 231 1.8
60-70 CB 88.55 5.41 0.92 0.17 0.10 0.51 2.05 0.33 0.03 0.02 206 1.8
Site 4. Dystric Cambisol (WRB 2015), Leached brown soil (PSC 2019)
0-5 Ah 64.50 6.14 1.97 0.28 0.15 0.42 1.45 0.52 0.12 0.02 275 24.3
5-25 Bw1l 81.91 7.46 2.13 0.38 0.13 0.61 1.97 0.63 0.04 0.03 365 4.6
25-45 Bw2 82.42 7.67 2.03 0.41 0.14 0.64 2.09 0.64 0.06 0.05 356 3.7
45-70 CBg 79.75 8.79 2.99 0.58 0.19 0.65 2.29 0.62 0.06 0.06 352 3.9
2Loss on ignition
Fig. 4. Open-system mass Al 7 value Fe 7 value Mg T value Na 7 value
balance calculations for .-0.'6 .-0'.4 '-Ol.2 . 0 . 0;2 -1'.0 .-0.'8 |-0|.6 |-0|.4 |-0|.2 . 0 . 0'.2 -1'.0 ' -OI.B . -0'.6 |-0|.4 |-0|.2 . 0 . 0'.2 -0|.8 '-0'.6 '-0|.4 .-0.'2 ' 0 ' 0'.2
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Table 6

Concentration of pedogenic oxides in the analyzed soils and related indices of podzolization process

Depth Horizon Fep Fel AlP Al +1/2Fe,  Fe/Fes Fe/Fe! IER , *
[%]

Site 1. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)

0-6 Ah 0.16 0.06 0.19 0.22 0.40 0.76 1.43

7-20 El 0.06 0.01 0.15 0.16 0.08 0.94

20-35 E2 0.12 0.02 0.15 0.16 0.12 0.95

35-50 Bhs 0.18 0.10 0.34 0.39 0.47 0.98

50-75 BsC 0.23 0.10 0.38 0.43 0.45 0.79

Site 2. Albic Podzol (WRB 2015), Typical podzolic soil (PSC 2019)

0-5 Ah 0.25 0.09 0.32 0.36 0.36 0.28 2.50

5-10 EA 0.14 0.02 0.16 0.17 0.13 0.42

10-15 E 0.13 0.02 0.14 0.15 0.16 0.63

15-22 Bhs 0.23 0.12 0.30 0.36 0.50 0.59

22-40 Bs 0.17 0.09 0.34 0.39 0.55 0.37

40-70 BC 0.17 0.05 0.29 0.32 0.31 0.23

70-90 CB 0.53 0.04 0.20 0.22 0.06 0.98

Site 3. Epidystric Endoeutric Cambisol (WRB 2015), Leached brown soil (PSC 2019)

0-2 Ah 0.37 0.15 0.41 0.48 0.40 0.28 n.d.f

2-6 A 0.25 0.14 0.28 0.35 0.58 0.42

6-18 Bw(s)1 0.31 0.10 0.29 0.34 0.33 0.42

18-33 Bw(s)2 0.35 0.08 0.21 0.25 0.24 0.60

33-60 BC 0.26 0.05 0.17 0.20 0.20 0.42

60-70 CB 0.26 0.06 0.15 0.18 0.24 0.40

Site 4. Dystric Cambisol (WRB 2015), Leached brown soil (PSC 2019)

0-5 Ah 0.56 0.29 0.50 0.65 0.52 0.31 n.d.

5-25 Bw1l 0.61 0.34 0.44 0.61 0.57 0.39

25-45 Bw2 0.70 0.30 0.42 0.57 0.44 0.47

45-70 CBg 1.14 0.37 0.48 0.67 0.33 0.52

SOIL SCIENCE ANNUAL

2Content of Na-bicarbonate/citrate/dithionite extracted iron

b Content of ammonium oxalate extracted iron and aluminum
¢Iron activity ratio (Schwertmann, 1964)

dWeathering index (Schwertmann, 1964)

eIlluviation-eluviation ratio of podzolization (Sommer et al., 2001)
fNot determined

4. Discussion
4.1. Podzolization threshold

The main factors that trigger podzolization in soil are: (1)
humid climatic conditions (Schaetzl and Rothstein, 2016), (2)
presence of forest or heath vegetation that is a source of organ-
ic matter to form O horizons (Buurman, 1984), and (3) coarse-
textured and leached parent material (Augusto et al., 1998;
Stltzer, 1998). The climate of the studied area is characterized
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with often precipitation deficit during late summer and early
autumn (Obrebska-Starklowa et al., 1995); however, for most of
the year the evapotranspiration does not exceed precipitation.
Mokma and Buurman (1982) considered this as the indispensa-
ble condition of podzolization occurrence. Furthermore, in all
soils O horizons supplying humic acids into mineral soil were
present (Table 2, Fig. 3).

Podzols (profiles 1 and 2) showed higher SOC content in
O horizons in comparison with the non-podzolized soils (pro-
files 3 and 4), while the latter contained substantially more SOC
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in A horizons. Relatively higher C/N values in profiles 1 and 2
may be attributed to slower turnover of organic matter in Pod-
zols due to its slightly lower pH (Brock et al., 2020) in compari-
son with adjacent non-podzolized soils (Table 3). On the other
hand, higher microbial degradation of organic matter, reflected
in lower C/N values in soils at sites 3 and 4 (Table 3), may lead
to formation of stable organo-mineral compounds in A horizons
(Kalbitz et al., 2005) and, thus, suppress podzolization.

Another condition that varied along the investigated
transect was related with the properties of the parent material.
Both Podzols (profiles 1 and 2) were developed from material
of loamy sand texture with minimum 77% sand and maximum
10% clay (Table 4). Such texture, particularly the low content
of clay, is considered as favorable for podzolization occurrence
(Jersak et al., 1995; Sauer et al., 2007). Studies on formation of
Podzols in unfavorable parent materials, e.g. rich in carbon-
ates (Protz et al., 1984; Schaetzl, 1991) or iron and magnesium
(D’Amico et al., 2008) reported that translocation of metal-or-
ganic compounds down the soil profile is possible if parent ma-
terial has less than 10% clay. In this study parent materials of
soils in profiles 1 and 2 contained 5% clay and the maximum
10% clay was noticed in the illuvial horizons (Table 2), suggest-
ing that translocation of soil constituents down the profile in
this case involved also the clay fraction. The content of clay
in profile 3 was slightly higher than in profiles 1 and 2; how-
ever, similarly to Podzols it was usually below 10% (Table 4).
In contrast, the whole soil in profile 4 contained between 14%
and 18% clay (Table 4). Such amount of clay fraction already
hamper the development of Podzols due to high potential to
immobilize metal-organic complexes (Mokma and Buurman,
1982; Buurman, 1984). Moreover, it should be noticed that pro-
files 1-3 contained relatively high amount of coarse fragments
(Table 1) that may enhance downward solution flux (Schaetzl,
1991).

Another factor related to the parent material that was re-
sponsible for triggering podzolization was the content of iron
(Duchaufour and Souchier, 1978; Buurman, 1984). The CB ho-
rizon of Podzol in this study contained 0.7% Fe,O, (Table 5, pro-
file 2) which was clearly below the limit of 2% Fe,O,, determined
by Duchaufour and Souchier (1978) in soils developed from
granites in Vosges in France. Above this Fe,O, content podzoliza-
tion was strongly inhibited. Also in profile 3 the content of Fe,0,
did not exceed 2%; however, it was substantially higher than in
adjacent Podzols (Table 5). On the other hand, non-podzolized
profile 4 throughout the whole thickness contained more than
2% Fe,0, (Table 5).

The role of pH in triggering podzolization in studied soils
was unclear. Surface A horizons showed very similar pH val-
ues measured in water (between 3.4 and 3.8, Table 3) indicating
that the chemical properties of organic matter input were not
the main factor driving podzolization in this case. On the other
hand, pH values in the lowermost horizons (at similar depth
below the ground) were much higher in non-podzolized profile
3 (pH in water 5.5) in comparison with profiles 1 and 2 (pH in
water 4.5 and 4.8, respectively). This suggested that the parent
material properties play the main role in triggering podzoliza-
tion.

Occurrence of Podzols developed from flysch in the Carpathian Foothills

4.2. Tendencies for lateral podzolization

Despite exhibiting a very similar properties to Podzols
(profiles 1 and 2) as well as having similar environmental
background (i.e. parent material, vegetation, slope inclination,
etc.), soil at site 3 did not show any evidence of translocation of
metal-organic complexes down the profile and thus was classi-
fied as Cambisol (PSC: brown soil). Considering spatial relations
between the soils in the investigated transect profile 3 may be
considered as accumulative soil showing relative enrichment
in comparison with substantially more depleted soils at sites 1
and 2. Open-system mass balance for Al, Fe, Mg and Na (Fig. 4)
as well as the topofunctions of mass densities obtained for
pedogenic oxides and clay (Fig. 5) indicated relatively smaller
depletion of profile 3 in relation to soils in upper slope positions.
Such soil pattern along a slope may be attributed to the effects of
lateral subsurface soil solution flux (Sommer et al., 2000, 2001)
although this process was not fully justified by the differences in
the soil morphology (Fig. 3, Table 2) and the values of illuviation-
eluviation ratio of podzolization (Table 6).

Due to its coarse texture soils at sites 1-3 may be consid-
ered as well drained (Table 4). Furthermore, no significant dif-
ferences in the soil moisture within this part of transect were
noticed. Hence, the possible influence of the oxidation-reduction
processes on the soil development pathway, as it was described
by Seibert et al. (2007) in soils of Swedish National Forest In-
ventory, in this study may be rejected. The only features related
to reduction processes were observed in the lowermost part of
profile 4, which was silt loam (Fig. 3, Tables 2 and 4). Moreover,

kg m? depth™

15

0 30 60 90 120 150

distance from watershed divide
(slope length in m)

Fig. 5. Topofunctions of mass densities along the investigated transect
(a—Fed, Feo and Alo, b - clay)
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this soil was not affected by direct lateral soil solution flux along
the investigated slope due to location on a slope below the road
embankment (Fig. 1b).

Lateral soil solution flux can move downslope when en-
countering a less permeable layer within a soil profile. Due to
location of the studied soils in a transect on the obsequent slope
there was no possibility that genuine diversity of flysch deposits
(e.g. sandstone regolith lying over more clayey mudstones) pro-
vide occurrence of less permeable layer in a subsoil parallel to
the slope surface, as it was described by Musielok et al. (2021)
in soils developed from flysch in the Bieszczady Mts. However,
Jankowski (2014) noticed that in sandy soils of the northern Po-
land illuvial Bhs horizons as being clogged up with metal-organ-
ic compounds and humus pellets may serve as a barrier for infil-
trating water. The slight relative increase of the BD in the lower
parts of E and in Bhs horizons of profiles 1 and 2 in comparison
with upper and lower horizons as well as higher content of clay
found in Bhs horizons (Table 4) may support this hypothesis.

Another factor that may have conditioned the soil pattern
along the studied slope and affected formation of less depleted
soil at site 3 was the differentiation of the soil pH. Gustaffson et
al. (1995) in soils developed from glacial tills and glaciofluvial
sediments of the northern Scandinavia showed that higher pH
is one factor that force the metal-organic complexes to precipi-
tate and form illuvial horizon. Similar results in relation to lat-
eral soil solution flux were obtained by Jankowski (2014) who
described higher pH in the accumulative soils located in depres-
sions between inland dunes and glaciofluvial terraces than in
the soils on elevated areas.

Relatively lower depletion of soils at lower slope positions
caused by accumulation of the translocated soil compounds af-
fected pedogenic threshold of podzolization in the studied area.
Vertical translocation of soil elements in profile 3 was inhibited
due to relatively high content of clay (Table 4) and iron (Table 5)
occurring already in A and Bw(s)1 horizons. Moreover, soil color
of Bw(s)1 horizon of profile 3 with the hue 7.5YR (Table 1) in
tandem with relatively high content of Fe , Fe and Al (Table 6)
suggest the enrichment in pedogenic seqioxides already at the
depth of 6-18 cm from the surface of mineral soil. The relatively
high content of these soil components at shallow depth may be
result of either incipient vertical and lateral translocation.

In this study some evidence of lateral podzolization were
determined at a distance less than 30 m long — between profiles
2 and 3 (Fig. 1b, 2). Similar effects of lateral podzolization on
a large scale were described by Jankowski (2001, 2014), Bour-
gault et al. (2015, 2017), and Musielok et al. (2021). In all above-
mentioned studies effects of lateral podzolization were found
already at the distance smaller than 10 m. It should be empha-
sized that the effects of lateral podzolization, which were re-
flected i.a. in the different thicknesses of eluvial horizons, could
be found only on some of the investigated slopes (Fig. 2). Firstly,
the occurrence of the lateral podzolization in soils was depend-
ant on the presence of favorable (sandy) parent material. This
type of parent material was absent in upper middle slope posi-
tions in southeastern part of the studied area, therefore soils did
not show any evidence of podzolization. Secondly, uppermost
soil horizons could have been disturbed by the human activity
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(e.g. construction of earthen embankments in western slopes
of Dziurak Mt) or the effects of geomorphic processes (e.g. old
windthrows in northeastern part of the studied area).

5. Conclusions

1. The pedogenic threshold of podzolization occurrence in the
flysch parent material occurring locally in the Wieliczka
Foothills was primarily related to relative differences in the
parent material properties. Soils with sand dominated tex-
ture and with very low content of clay fraction as well as
low content of iron showed podzolization evidence, while
adjacent soils with higher content of clay and iron did not
show any evidence of vertical translocation of metal-or-
ganic compounds. The slightly lower decomposition rate of
organic matter may have also affected initiation of podzoli-
zation process.

2. Soil in upper middle slope position developed from the
same parent material and having similar environmental
background as soils in higher slope positions was enriched
with clay, pedogenic oxides and less depleted in Al, Fe, Mg,
and Na. Possible influence of differences in soil moisture
affecting podzolization development was excluded in this
study. Despite having no clear impermeable layer in a sub-
soil, that could serve as barrier, downslope soil solutions
flux may occur over illuvial horizons showing relatively
higher BD and higher clay content.

3 The immobilization of soil constituents translocated later-
ally at the hillslope may be related with the higher pH of the
parent material that affects precipitation of soil solutions.

4. The effects oflateral soil solution flux limited the area where
intensive vertical podzolization occured. Thus, considering
the effects of possible lateral podzolization as one of the fac-
tors responsible for the differentiation of soil properties at
hillslopes is crucial for correct determination of forest habi-
tat conditions, estimation of SOC sequestration potential as
well as in soil cartography.
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Wystepowanie bielicowania w glebach wytworzonych z fliszu na Pogérzu
Wielickim (Zewnetrzne Karpaty Zachodnie, poludniowa Polska)

Slowa kluczowe Streszczenie

Bielicowanie Proces bielicowania odgrywa kluczowa role w ksztaltowaniu siedlisk leSnych i magazynowaniu
Progi pedogeniczne wegla organicznego w glebach. Na Pogérzu Karpackim rozwdj gleb bielicowych jest utrudniony
Geneza gleb przez wiasciwosci materialu macierzystego — przede wszystkim bezweglanowych utwordéw les-
Flisz sowych lub zwietrzeliny skal fliszowych. Sporadycznie na tym obszarze wystepuja jednak gleby

Pogorze Karpackie
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objete procesem bielicowania. Celem pracy bylo okredlenie progu wystepowania bielicowania
w glebach wytworzonych z fliszowego materialu macierzystego wystepujacego lokalnie na Pogo-
rzu Wielickim oraz okre$lenie przestrzennego zréznicowania gleb na badanych stokach. Wyniki
wykazaly, ze przekroczenie progu bielicowania jest zwigzane przede wszystkim z wystepowaniem
materialu macierzystego o piaszczystym uziarnieniu i o niskiej zawartosci frakcji itowej oraz o ni-
skiej zawarto$ci zelaza. Ponadto, réznice w tempie rozkladu materii organicznej réwniez moga
mie¢ wplyw na zainicjowanie w glebach procesu bielicowania. Gleby w badanym transekcie sto-
kowym wykazaty wzrost zawartos$ci frakcji itowej i pedogenicznych péitoratlenkéw zelaza i glinu
w ujeciu katenalnym. Formowanie si¢ akumulacyjnych gleb w nizszych polozeniach stokowych
moze by¢ zwigzane z wyzszym pH materialu macierzystego, ktory wplywa na stracanie sktad-
nikéw gleby z roztworu przemieszczajacego sie Srédpokrywowo wzdluz stoku. Ponadto skutki
bocznego przeplywu roztworéw ograniczaja obszar wystepowania intensywnego bielicowania.
Dlatego tez uwzglednienie efektéw bocznego bielicowania ma kluczowe znaczenie dla prawidlo-
wego okreslenia warunkow siedliskowych lasu, oceny potencjatu sekwestracji wegla organiczne-
go, a takze w kartografii gleb.
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