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1. Introduction

The soils of the Outer Carpathians, including the Gorce Mountains, are developed from flysch re-
golith or flysch-derived slope sediments, which predominantly form Cambisols. However, Podzols
also occur locally in these areas. Their formation was attributed either to the presence of coarse-
grained parent material at lower elevations or to bioclimatic factors at higher elevations that pro-
mote strong soil acidification and initiate podzolization. This study aimed to determine how soil
properties across the Cambisol-Podzol transition in the highest parts of the Gorce Mountains relate
to present-day bioclimatic conditions. The results of comprehensive studies, including soil tem-
perature and moisture measurements, vegetation studies, and soil properties analyses, showed
that while a generally humid and cool climate is an indispensable condition for podzolization,
the properties of the parent material play a decisive role. Podzols are consistently associated with
sandstone-derived, coarse-grained parent materials poor in clay and iron. The adjacent soils de-
veloped from fine-grained mudstones, although displaying redox features in their upper horizons
resembling colours of eluvial horizons, show no clear evidence of illuviation processes and possess
properties that support a far richer assemblage of vascular plant species in the forest undergrowth.
These findings challenge the view that bioclimatic conditions are the main factor in podzolization
in the upper montane zone of the Flysch Carpathians and emphasize the crucial importance of
lithological variability in soil development at high elevations.

been observed, further influencing soil development (Kacprzak
et al,, 2015; Musielok et al., 2022). Cambisols of varying trophic

The regolith of flysch rocks and slope deposits, reshaped
by morphogenetic processes and derived from weathered ma-
terials of these different-grained sedimentary rocks, forms the
parent material of soils in the Outer (Flysch) Carpathians region
(Skiba, 1995), often called the Beskidy Mountains. In Poland, this
area covers around 19,000 km?, which is approximately 6% of
the country’s total area (Balon and Jodtowski, 2014; Solon et al.,
2018), though flysch formations are the widespread parent ma-
terial of soils within the Alpine-Himalayan mountain belt (Tri-
fonov et al., 2012). Soil parent materials found in the Beskidy
Mts. are typically loamy-textured, with a high proportion of the
clay fraction (Kacprzak and Skiba, 2000; Kacprzak 2003). This
contributes to a relatively high content of alkaline cations, such
as Mg? and Ca?, that are carried by clay minerals. In many ar-
eas, enrichment of soils with aeolian (wind-blown) dust has also

status (Dystric or Eutric) commonly form in these parent ma-
terials, depending on the degree of leaching and carbonates
removal from the soil profile, as well as the variation in parti-
cle size distribution across different slope positions (Kacprzak,
2003). In the humid mountain climate of the Beskidy Mts., with
a mean annual atmospheric precipitation (MAAP) in the range
from 1000 mm up to 1450 mm (Obrebska-Starklowa, 2004), Gley-
sols, Stagnosols, and small patches of Histosols often accompany
Cambisols (Nicia and Miechéwka, 2004; Kowalska et al., 2019;
Skiba, 1995). Low air temperatures, along with higher humidity
in the region compared to the adjacent foothills and lowlands,
promote the accumulation of soil organic matter (SOM), lead-
ing to the acidification of soils’s surface horizons. Under favour-
able environmental conditions, this can result in the develop-
ment of the podzolization process (Adamczyk, 1983; Skiba, 1995,
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Miechéwka et al. 2006; 2015; Musielok et al., 2021). However,
well-developed Podzols are rare in the Flysch Carpathians and
typically occur on highly permeable regoliths and derived slope
deposits with relatively coarse textures, and in favourable topo-
graphic settings (Gruba, 2001; Skiba and Szymanski, 2009; Mu-
sielok et al., 2022). Despite their limited extent, these soils sig-
nificantly influence habitat conditions and may affect sustain-
able forest management (Lasota, 2004a; 2004b; Musielok, 2022;
Labaz et al., 2014; Jankowski, 2010).

In their studies on the differentiation of the soil cover in the
Gorce Mountains — one of the highest mountain ranges within
the Beskidy Mts. — Adamczyk (1966) and Adamczyk and Ko-
mornicki (1970) identified two pedogenic pathways of Podzols
formation in the flysch of the Magura Nappe, which constitutes
a significant part of the Outer Carpathians (Jankowski and Mar-
gielewski, 2021). In the lower montane zone of the Gorce Mts., the
authors identified a class of Podzols primarily associated with
coarse-textured parent materials derived from sandstone and
conglomerate layers. In contrast, on higher elevations (above
1100-1150 m a.s.L), classified by Medwecka-Kornas and Korna$
(1968) as the upper montane zone, Podzols development was ob-
served on finer-textured materials (Adamczyk and Komornicki,
1970). In the latter locations, the authors pointed to bioclimatic
factors as the primary drivers of the podzolization process. Some
of these Podzols profiles were also found outside of forested ar-
eas (Adamczyk and Komornicki, 1970). This suggests that in ar-
eas situated above 1100-1150 m a.s.l.,, a combination of climate
and vegetation factors may overcome the limitations posed by
parent material properties (fine-grained textures and relatively
high share of alkaline cations), thereby enabling the podzoliza-
tion process to take place. Similar cases have been documented
worldwide, including the Alps (Buurman et al., 1976; D’Amico
et al,, 2008), Alaska (Alexander et al., 1994; Spinola et al., 2022),
Hudson Bay (Protz et al. 1984), and Michigan (Schaetzl, 1991),
highlighting the significant role of climate and vegetation condi-
tions in soil development.

In this study, we consider two key influences: (1) locally var-
iable climatic conditions, particularly in the context of ongoing
global warming (Pepin et al., 2022), and (2) the local heterogenei-
ty of parent material derived from flysch formations, which may
significantly impact soil-forming processes, especially at higher
elevations (Musielok et al. 2021; Kacprzak et al., 2015). Based
on earlier findings from the region, we aim to determine how
soil properties in the highest parts of the Gorce Mountains cor-
respond to present-day bioclimatic conditions. We hypothesize
that Podzols tend to occur in areas with lower temperatures and
higher soil moisture, regardless of their parent material proper-
ties, while noting that these patterns reflect current conditions
rather than the entire process of soil formation.

2. Study area, materials and methods
The research was conducted in the highest parts of the Gorce
Mountains in southern Poland (Fig. 1a), focusing on three moun-

tain summit domes of similar elevation, all exceeding 1150 m
a.s.l.: Kiczora Mt. (Fig. 1b) in the western part of the study area,
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and Gorc Mt. and MraZnica Mt. (Fig. 1c) in the eastern part. All
study area is built of flysch deposits of varying textures, formed
from the Late Cretaceous to the Early Miocene, and represent-
ing the Magura Nappe (Szczech and Cieszkowski, 2021). The
highest ridge parts of the Gorce Mountains are characterized by
a mosaic of forests dominated by Picea abies or Fagus sylvatica,
and meadows subject to forest succession (Medwecka-Kornas
and Korna$, 1968; Buczek and Mulet, 2022; Fig. 1, Fig. 2). The
climate of the studied areas is cool with the mean average air
temperature (MAT) between 3°C and 5°C, and humid with MAAP
between 1000 mm and 1230 mm (Obrebska-Starklowa, 1970;
Wypych et al,, 2018).

The influence of vegetation and climate on soil develop-
ment in the study area during the Holocene can be inferred
from palaeobotanical studies conducted at sites located on
lower slopes and valley floors, as well as in the vicinity of the
Gorce Mountains (Bucala et al., 2014; Buczek, 2019; Czerwinski
et al,, 2020; Kolaczek et al., 2021; Margielewski et al., 2022). Dur-
ing the Boreal phase (10.2-9.6 ka BP), spruce began to replace
the pine-birch forests that had dominated since the beginning
of the Holocene, forming a dense vegetation cover at higher el-
evations (Buczek, 2019; Kolaczek et al., 2021; Margielewski et al.,
2022). Subsequently, between approximately 4.4 and 4.2 ka BP,
fir, beech, and hornbeam expanded, restricting spruce forests to
the highest mountain ranges (Czerwinski et al., 2020).

Human activity began to exert a pronounced influence on
the environment of the study area at the turn of the 14" and
15% centuries with the arrival of the Vlachs. Their land-use prac-
tices involved extensive deforestation of mountain slopes and
ridges, followed by the establishment of pastures and meadows
characterized by high biodiversity (Bucala et al., 2014; Buczek
et al,, 2019). The greatest extent of deforestation occurred in the
mid-19th century (Buczek and Mulet, 2022). Considering these
factors, the present-day diversity of soil types in the study area
reflects the combined long-term effects of a cool and humid cli-
mate persisting throughout the Holocene, vegetation dynamics
dominated by coniferous forests, parent material characteris-
tics, and historical land use.

The study sites were chosen after thorough field mapping,
which included digging several soil pits and drilling boreholes,
located in areas representing different landform types and
evenly distributed across the study areas. Selected representa-
tive sites exhibiting variation in the lithology of parent materi-
als, a range of land cover types that have persisted since at least
the mid-19th century, and varied topography (Table 1) were then
examined through interdisciplinary studies. The research in-
cluded the monitoring of soil temperature and moisture (4 sites),
conducting vegetation inventories (4 sites), and investigating soil
profiles (6 sites). At forested sites with contrasting parent mate-
rial (K1, K2, G1, and M1), soil temperature and moisture were
measured using SM150T sensors (Delta-T Devices Ltd., United
Kingdom). The sensors were installed in the topsoil mineral
horizons at a depth of 0-5 cm. The field measurements at sites
K1 and K2 spanned from November 18, 2019, to September 8,
2020, while those at sites G1 and M1 spanned from November
18, 2019, to October 17, 2021. The results of soil moisture meas-
urements were calibrated for the specific soil material in which
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Fig. 1. Location of the study
area: (a) the Gorce Mountains
range; (b) the summit dome of
Kiczora Mount with the loca-
tions of study sites; (c) the sum-
mit domes of Gorc and MrazZnica
mounts with the locations of
study sites

Fig. 2. Landscape of the Gorce Mountains
ridge with a mosaic of meadows and forests
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Table 1
Location and site characteristics

SOIL SCIENCE ANNUAL

Site Coordinates Elevation Dominant lithology Land cover Topography
[m a.s.l] of parent material type
K1 49°32°25” N; 20°09°01” E 1274 sandstones forest summit flat
K2 49°32°21” N; 20°09’10” E 1235 mudstones forest upper convex slope
G1 49°33’52” N; 20°15’12” E 1221 mudstones forest summit flat
G2 49°33’49” N; 20°15°21” E 1171 mudstones grassland upper convex slope
M1 49°33’40” N; 20°15’34” E 1163 sandstones forest summit ridge
M2 49°33’32” N; 20°15’47” E 1138 sandstones grassland upper linear slope

they were installed, based on formulas provided by the sensor
manufacturer (Delta-T Devices Ltd., 2016).

At each site with sensors installed, a vegetation inventory
was conducted to characterize the forest ecosystem. This includ-
ed detailed descriptions of ecosystem features such as species
composition across vegetation layers A-D, overall plant cover,
and a phytosociological analysis. The vegetation inventory was
carried out using the Braun-Blanquet method (Braun-Blanquet,
1932), which involved listing all plant species present within
a 400 m? plot and assessing their abundance and coverage based
on the Braun-Blanquet scale.

Soil characterization was carried out at all sites where soil
temperature and moisture were monitored and vegetation in-
ventories conducted. Additionally, two grassland sites with con-
trasting parent material lithologies were also investigated (Ta-
ble 1). At the study sites K1 and K2 soil profiles were examined
using borehole cores to a depth of ca. 0.5 m. At the remaining
sites, soil profiles were studied in pits excavated down to the
lower boundary of the B horizon, which ranged from 0.5 m to
0.8 m in depth. The profiles were described following the field
guide for soil description included in the Polish Soil Classifica-
tion (Systematyka gleb Polski, 2019). Soil samples were col-
lected from all genetic horizons, air-dried, gently crushed using
a wooden rolling pin, cleared of living roots, and passed through
a 2 mm mesh sieve. The fine earth fraction (<2 mm) was sub-
jected to several laboratory analyses. Particle-size distribution
was determined using a combination of sieving and the hy-
drometer method (Gee and Bauder, 1986; Van Reeuwijk, 2002).
Total carbon content was determined via dry combustion using
a CNH elemental analyzer (vario MICRO cube, Elementar, Ger-
many) and reported as soil organic carbon (SOC), as the absence
of carbonates was confirmed by testing the soil material with
a 10% HCI solution. Soil pH was measured in deionized water at
a 1:2.5 soil-to-water ratio (Thomas, 1996). The soil chemical com-
position was determined by inductively coupled plasma emis-
sion spectrometry (ICP-ES) following digestion with lithium me-
taborate/tetraborate and dilute nitric acid, conducted at Bureau
Veritas (Vancouver, BC, Canada). The total iron (Fe,) content was
calculated based on the oxide form (Fe,0,). Contents of pedogen-
ic aluminum and iron forms (Al _ and Fe ) were determined in
ammonium oxalate extracts following a 4-hour extraction in the
dark, centrifugation, and 0.45-um filtration (Van Reeuwijk, 2002;
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Rennert and Lenhardt, 2022) using atomic absorption spectrom-
etry (AAS; 240FS AA, Agilent Technologies). Base saturation (BS)
was calculated as the ratio of base cations (BC: Ca?", Mg?, Na*, K"),
measured in ammonium acetate extract at pH 7 (Burt, 2004) us-
ing AAS, to the sum of base cations and exchangeable aluminum,
according to the IUSS Working Group WRB (2022). Exchangeable
Al was determined by titration of a 1M KCl extract (unbuffered)
with 0.1M NaOH in the presence of 3.5% NaF. Based on the field
descriptions and the results of laboratory analyses, the stud-
ied soils were classified according to the World Reference Base
(IUSS Working Group WRB, 2022) and Polish Soil Classification
(Systematyka gleb Polski, 2019; Kabala et al., 2019).

3. Results
3.1. Soil temperature and moisture

Soil temperatures were similar in all study sites (Fig. 3),
with mean values during the study period ranging from 5.3°C
at the K2 site to 5.9°C at the M1 site (Table 2, Fig. 3). Maximum
temperatures, recorded in May, June, and August, ranged from
21.4°C to 24.3°C, while minimum temperatures occurred in No-
vember, January, and May, ranging from -4.4°C to 0.2°C. All sites
exhibited prolonged periods of stable soil temperature between
December and May, during which temperatures remained near-
ly constant and did not exceed 2°C. These stable periods can be
attributed to the insulating effect of the snow cover, which re-
duces the influence of air temperature fluctuations on the soil
surface. In contrast to soil temperature, soil moisture measure-
ments showed clear topographic variation. Sites located on sum-
mit flats, whether on sandstones (K1) or mudstones (G1), exhib-
ited much higher mean soil moisture levels of 61.3% and 67.8%,
respectively. In comparison, sites on an upper concave mudstone
slope (K2) and a sandstone summit ridge (M1) had substantially
lower mean values of 44.0% and 35.1%, respectively. The high-
est soil moisture values, with maximums ranging from 60.4% to
99.7%, were recorded at all sites during two distinct periods: late
April to early May, associated with snowmelt, and July to August,
driven by intense summer rainfall. The lowest soil moisture val-
ues, with minimums ranging from 10.3% to 40.7%, occurred in
September.
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Table 2
Soil temperature and moisture characteristics on the investigated forest sites

Site Soil temperature Soil moisture
Minimum Maximum Mean Minimum Maximum Mean
°C [%]
K1 0.2 21.4 5.5 40.7 99.7 61.3
K2 -3.8 24.3 5.3 20.8 78.1 44.0
G1 -2.3 23.4 5.6 40.6 93.9 67.8
M1 —4.4 23.7 5.9 10.3 60.4 35.1
Kiczora Mt. Gorc Mt. and Mraznica Mt.
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Fig. 3. Soil temperature and moisture values at the investigated sites
3.2. Vegetation sites K1 and K2. At sites G1 and M1, Fagus sylvatica and Abies
alba were also present, with beech accounting for 10% and 5%,
The studied forest sites showed a uniform tree species com- and fir for 5% and 20% of the tree composition, respectively

position across the investigated sites (Table 3), with Picea abies (Table 3). The forest undergrowth at all sites was dominated by
dominating all sites and being the only tree species present at Vaccinium myrtillus (Table 4). However, the diversity of other
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Table 3

Forest canopy composition on the investigated forest sites

Tree species

K1 K2 G1 M1

Coverage [%]

Picea abies 100 100 85 75
Fagus sylvatica 0 10 5
Abies alba 0 5 20
Table 4

SOIL SCIENCE ANNUAL

undergrowth plant species appeared to be related to the lithol-
ogy of the soil parent materials. This relationship was particu-
larly evident in the pair of sites K1 and K2. At K1, only a few
additional species were present, such as Sphagnum, Vaccinium
vitis-idaea, and Calamagrostis arundinacea, whereas K2 sup-
ported a much richer assemblage of vascular plant species,
including Hieracium murorum, Hypericum perforatum, Epilo-
bium montanum, Cruciata glabra, Chaerophyllum hirsutum and
among mosses Plagiomnium cyuspidatum (Table 4). In the other

Forest undergrowth composition and values of biodiversity indices on the investigated forest sites

Plant species

K1 K2 G1 M1

Degree of coverage on Braun-Blanquet scale

Plant species K1 K2 G1 M1

Degree of coverage on Braun-Blanquet scale

Betonica officinalis - r - - Luzula luzuloides - + - -
Calamagrostis 1 + - 3 Mnium sp. - + - -
arundinacea
Oxalis acetosella - - 2 1
Campanula - + - -
persicifolia Phyteuma - r - -
spicatum
Carex pilulifera - + - -
Picea abies - - - +
Chaerophyllum - r - -
hirsutum Pimpinella - + - -
saxifraga
Chamaenerion r - - -
angustifolium Plagiomnium - 1 - -
cuspidatum
Cruciata glabra - r - -
Pleurozium - + - -
Deschampsia + - - - schreberi
flexuosa
Polytrichum + - - -
Dicranum + - - - commune
polysetum
) Polytrichum - - + -
Dryopteris + + + + formosum
carthusiana
) Potentilla - + - -
Dryopteris * B * * anserina
dilatata
. Rhytidiadelphus sp. - - + 1
Eriophorum r - - -
vaginatum Rubus hirtus - - 2 2
Epilobium - r - - Rubus idaeus + - + 1
montanum
Rumex acetosa - + - -
Hieracium - + - -
lachenalii Salix caprea - - r -
Hieracium - 1 - - Sambucus - - + -
murorum racemosa
Hieracium - r - - Sorbus aucuparia - - + -
umbellatum
Sphagnum sp. 3 - - -
Hypericum - 1 - -
perforatum Vaccinium myrtillus 5 4 4 2
Hypnum - + - + Vaccinium 2 - - -
cupressiforme vitis-idaea
6
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site pair (G1 and M1), this relationship was less pronounced
(Table 4). At M1, Calamagrostis arundinacea indicated sand-
stone-dominated soil parent material, while Oxalis acetosella
and Sambucus racemosa suggested a more fine-grained parent
material.

Table 5
Physical and chemical properties of the investigated soils

Bioclimatic vs. lithogenic drivers of Podzols in the Gorce Mountains

3.3. Soils

The a studied soils showed high variability in the thickness
and morphology of organic (O) horizons (Table 5, Fig. 4). The
greatest thickness, reaching up to 11 cm, and the most com-
plex tripartite differentiation of the O horizon into a mor-type

Symbol Depth CF Particle size distribution [%] soch pH BS¢ Fe! Al _+1/2Fe
(] (% vol] 2-005mm  0.05-0.002mm  <0.002 mm (%] [F,01 el lgkg] [l
Profile K1: Albic Podzol (WRB 2022), podzol (PSC 2019)
01 10-6 0 n.d. n.d. n.d. 338 5.0 n.d. n.d.
of 6-2 0 36.8 3.6 n.d.
Oh 2-0 0 30.0 34
Ah 0-2 0 68 26 6 11.7 3.9 7.1 0.16
Es 2-8 5 66 23 11 1.5 32 7 7.6 0.12
Bhs 8-12 10 67 25 8 39 3.7 3 19.0 0.79
Bs1 12-17 20 65 24 11 2.0 4.0 2 25.1 0.98
Bs2 17-28 20 67 22 11 1.6 4.4 2 19.6 0.79
BC 28—(50) 30 65 24 11 14 4.6 4 18.4 0.79
Profile K2: Eutric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
olf 3-0 0 n.d. n.d. n.d. 38.3 49 n.d. n.d. n.d.
Ah(g) 0-9 0 37 45 18 8.4 34 6 34.2 0.60
Bwg 9-22 10 29 54 17 2.4 4.2 40 34.2 0.78
BC 22-(50) 40 23 54 23 1.6 4.8 93 35.5 0.65
Profile G1: Dystric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
Olf 5-2 0 n.d. n.d. n.d. 45.3 4.8 n.d. n.d. n.d.
Oh 2-0 0 25.0 3.8
Ah(g) 0-6 0 17 61 22 5.0 4.0 3 39.4 0.87
BAg 6-25 0 11 64 25 1.9 4.6 4 40.4 0.87
Bw1l 25-45 5 11 60 29 1.9 4.7 5 42.7 0.74
Bw2 45-65 5 10 64 26 2.0 4.8 6 42.5 0.81
BC 65-(80) 60 17 59 24 1.0 5.0 9 38.7 0.61
Profile G2: Endoeutric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
(01 3-1 0 n.d. n.d. n.d. 39.7 5.1 n.d. n.d. n.d.
Ofh 1-0 0 31.9 4.8
Ah(g) 0-3 0 41 52 7 8.2 4.3 7 36.1 0.72
ABg 3-10 0 36 55 9 4.7 4.4 4 36.4 0.83
Bw1l 10-28 20 22 63 15 2.7 4.8 5 36.6 0.74
Bw2 28-50 60 31 51 18 1.7 5.4 31 39.1 0.63
BC 50-(70) 75 21 59 20 0.8 5.9 70 45.1 0.40
7
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Table 5 - continue

SOIL SCIENCE ANNUAL

Symbol Depth CF Particle size distribution [%] soc» pH BS® Fe! Al +1/2Fe__
(em] (% vol] 2005mm  005-0002mm  <0002mm (0] el lgkg™d (o]

Profile M1: Skeletic Albic Podzol (WRB 2022), debris podzolic soil (PSC 2019)

0l 11-8 0 n.d. n.d. n.d. 50.2 5.1 n.d. n.d. n.d.

of 8-5 0 42.6 3.7

Oh 5-0 0 36.4 3.5

Ah 0-5 60 51 46 3 14.0 34 4 12.0 0.41

AE 5-20 60 58 40 2 7.0 3.7 2 10.6 0.42

Es 20-40 40 52 41 7 4.3 4.1 2 13.4 0.55

Bhs 40-55 50 49 43 8 3.3 4.5 4 26.5 141

Bs 55-(70) 75 52 40 8 2.1 4.7 4 21.0 1.02

Profile M2: Protospodic Cambisol (WRB 2022), podzolic brown soil (PSC 2019)

olf 3-2 0 n.d. n.d. n.d. 34.4 4.1 n.d. n.d. n.d.

Oh 2-0 0 23.4 3.8

Ah 0-5 0 49 47 4 6.7 4.0 4 14.6 0.47

Bhs 5-20 30 51 47 2 3.9 4.3 3 19.3 0.82

Bsw 20-35 50 50 42 8 3.4 4.6 3 17.9 0.91

BC 35—(50) 75 50 42 8 2.2 4.7 4 18.4 0.83

2 CF - coarse fragments; ® SOC - soil organic carbon; ¢ BS — base saturation; ¢ Fe - total content of iron

sequence (0Ol-Of-Oh) were observed in forest sites underlain
by sandstone (K1 and M1). Forest sites with mudstone-derived
soils (K2 and G1) were characterized by thinner O horizons,
reaching up to 5 cm, usually consisting of a single Ofh layer
or a simplified Olf-Oh sequence. Grassland sites were char-
acterized by even thinner O horizons, reaching up to 3 cm,
typically exhibiting Ol or OIf features, and at site M2, also an
Oh horizon (Table 5, Fig. 4). The content and distribution of
coarse fragments within the soil profiles were closely related to
the dominant parent material (Table 5). In sandstone-derived
soils (K1, M1, M2), the proportion of coarse fragments ranged
from 5% to 75%, increasing sharply already from the surface
mineral horizons and reaching peak volume share in the BC
horizons. In contrast, soils developed from mudstones (K2,
G1, G2) contained substantially lower amounts of coarse frag-
ments, especially in the upper parts of the profiles. The texture
of soils developed from sandstone was predominantly classi-
fied as sandy loam to loam, with sand content ranging from
49% to 68%, silt from 22% to 47%, and clay from 2% to 11%.
In contrast, mudstone-derived soils exhibited textures ranging
from loam and silt loam to clay loam, with sand content be-
tween 10% and 41%, silt between 45% and 64%, and clay be-
tween 7% and 29% (Table 5). The chemical composition of soils
was dominated by SiO,, with contents of 82.5-90.6% in sand-
stone-derived soils and 70.0-75.9% in mudstone-derived soils.
Al,0, and Fe,O, were the other major components, present at
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5.4-9.4% and 1.0-3.8% in sandstone-derived soils, and at 13.1-
15.8% and 4.9-6.4% in mudstone-derived soils, respectively.
Among the alkaline components, K,0 had the highest share,
ranging from 1.1-1.6% in sandstone-derived soils and 2.2-2.9%
in mudstone-derived soils. A pronounced contrast between the
two soil groups was also observed for MgO, with its content
being only 0.3-0.7% in soils developed from sandstones, but
markedly higher, at 1.4-2.0%, in mudstone-derived soils. SOC
content in the investigated soils ranged from 23.4% to 45.3%
in O horizons and from 0.8% to 14.0% in mineral horizons. The
profile distribution of SOC showed a sharp decline with depth;
however, at sites M1 and M2, SOC contents remained above 2%
even in the lowermost horizons. Soil pH was similar in soils de-
veloped from sandstones and mudstones, ranging from pH 3.2
to 5.1 and pH 3.4 to 5.9, respectively. In contrast, BS values var-
ied considerably among the investigated soils. The lowest BS
values, ranging from 2% to 9%, were recorded in soils at sites
K1, G1, M1, and M2, while significantly higher values, ranging
from 4% up to 93%, were observed at sites K2 and G2 (Table 5).
The Fe, content in the investigated soils ranged from 7.1 g kg
to 26.5 g kg! in sandstone-derived soils and from 34.3 g kg
to 45.1 g kg in those developed from mudstones. The profile
distribution of Fe, generally showed a gradual increase with
depth, in soils at sites K1 and M1, reaching peak contents in the
Bs or Bhs (Table 5). Furthermore, the profile distribution of Al _
and Fe _ clearly indicated the development of spodic horizons
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soils developed from mudstones

Fig. 4. Morphology of investigated soil profiles

(Bhs and Bs) in soils at sites K1 and M1, supporting their classi-
fication as Podzols (podzolic soils according to Polish Soil Clas-
sification). The soil developed from sandstone under grassland
vegetation at site M2 met the criteria for a protospodic horizon.
In contrast, soils at the other sites (K2, G1, G2) were classified as
Cambisols, although slight reducing conditions were observed
in their topsoil mineral horizons (Table 5).

4. Discussion

In mountain regions, the variability of climatic conditions,
reflected in increased precipitation and lower temperatures
with increasing elevation, significantly influences the proc-
esses shaping soil property diversity (Alvarez Arteaga, 2008;

Bioclimatic vs. lithogenic drivers of Podzols in the Gorce Mountains

soils developed from sandstones

Bojko and Kabala, 2016). Among the most important aspects
affected by these conditions are the content and composition
of SOM (Drewnik, 2006; Prescott et al., 2010), which strongly
depends on the rates of dead biomass decomposition and di-
rectly influences soil pH (Bojko and Kabala, 2016). In turn, soil
pH plays a crucial role in regulating nutrient availability and
overall soil fertility, contributing, on a par with climatic condi-
tions, to the natural altitudinal zonation of plant communities
in mountainous regions (Mangral et al., 2023). This vegetation
zonation, in turn, influences the quantity and composition of
biomass input to the soil, thereby causing a dynamic interplay
between climate, vegetation, SOM, and soil chemical proper-
ties. This bioclimatic factor strongly affects soil properties and
may trigger shifts in pedogenic domains (Bockheim et al., 2000,
Bojko and Kabala, 2016; Musielok et al., 2024).
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In the studied environmental conditions, marked by a clear
excess of precipitation over evapotranspiration throughout the
year and the accumulation of slowly decomposing dead bio-
mass that promotes acidic soil reaction and intensive chemical
weathering in the upper soil layers, there might be a strong
tendency toward podzolization (Schaetzl and Rothstein, 2016;
Lundstrém et al., 2000).

The results of this study revealed minor variations in soil
temperature patterns and values during the monitoring pe-
riod, but pronounced topography-dependent differences in
soil moisture across the study sites (Fig. 2, Table 2). Observed
variations in soil moisture, a factor that potentially triggers or
contributes to the intensification of podzolization (Schaetzl et
al., 2015, Musielok et al., 2022), were not reflected in the differ-
entiation of soil types across the investigated sites.

Given the short duration of soil temperature and moisture
monitoring, no firm conclusions can be drawn regarding the
influence of climate over the entire period of soil formation.
Nevertheless, considering the persistence of the main control-
ling factors (the humid climate and the presence of coniferous
forest vegetation), the hypothesis that Podzols occur at cooler
and wetter sites regardless of parent material properties was
not supported by data from the analyzed sites. Furthermore,
differences in the undergrowth vegetation did not consistently
follow soil moisture patterns and appeared to be more strongly
dependent on the type of soil parent material. Soil properties,
typically shaped by bioclimatic factors, such as soil SOC con-
tent and pH in the O and upper mineral horizons, were consist-
ent across all sites (Table 5). The only noticeable variation was
in humus form (mor vs. moder), although this characteristic
also may be dependent on the properties of the parent material
(Labaz et al., 2014).

In contrast, the mineral soil horizons below the Ah showed
distinct variations in their properties, shaped by different soil-
forming processes that depended on the dominant lithology of
the parent material (sandstone vs mudstone). Soils with higher
content of clay, Fe, BS, and lower share of Si0, exhibited typical
features of flysch-derived Cambisols (ordinary brown soils in
Polish Soil Classification) with thick, well-developed Bw hori-
zons, while coarser-textured soils with very high share of SiO,,
lower Fe, content and a smaller proportion of alkaline cations
in the soil sorption complex displayed clear morphology and
profile differentiation characteristic of Podzols (Fig. 3, Tables
5 and 6).

Furthermore, soils developed from the same parent mate-
rial but occurring under different land cover types, such as for-
ests and grasslands, exhibited numerous similarities in proper-
ties inherited from the parent material and were unaffected by
land cover (Fig. 3, Tables 5 and 6).

For instance, soil texture and chemical composition, were
properties directly related to the variation of flysch parent ma-
terial. These two properties are also considered the primary
factors conditioning Podzols’ development (Spinola et al., 2022).
The results, which demonstrated variability in soil texture and
Fe, content along the transition from Podzols to non-podzolic
soils, were consistent with the findings of Miechéwka et al.
(2015) from the western and central parts of the Gorce Mts.,
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Gruba (2001) from the westernmost parts of the Beskidy Mts.,
as well as Musielok et al. (2021; 2022) and Musielok (2022) from
the Bieszczady Mts., the Beskid Maly Mts., the Police Range, and
the Carpathian Foothills.

Although our findings clearly indicated that the develop-
ment of Podzols in the studied area, and likely also in much
of the Carpathians, where flysch deposits constitute the parent
material of soils, depends on the presence of carbonate-free,
coarse-textured substrates with low Fe, content, this does not
contradict the earlier conclusions of Miechdéwka et al. (2015)
and Ciarkowska and Miechéwka (2017) regarding the role of
undergrowth vegetation in influencing the intensity of pod-
zolization in upper montane and subalpine coniferous forests.
However, based on the results of this interdisciplinary study,
we would like to emphasize that the inherent variability in the
properties of the flysch parent material should be considered
as the primary factor conditioning the occurrence of Podzols in
the region. The bioclimatic factor undoubtedly plays a key role
in maintaining podzolization and, in the long term, certainly
contributed to its initiation (Bucatla et al., 2014; Buczek, 2019;
Czerwinski et al., 2020; Kolaczek et al., 2021; Margielewski et
al., 2022). Nevertheless, its influence does not overcome the
limitation to this process posed by finer-textured and more nu-
trient-rich parent materials, as suggested by Adamczyk (1966)
and Adamczyk and Komornicki (1970).

Another aspect crucial for understanding the occurrence
of Podzols in the uppermost parts of the Gorce Mts. is the pres-
ence of a surface layer with reducing conditions, most likely
caused by water stagnation in fine-grained, silt-dominated
materials. Rozpedowska and Skiba (2006) identified similar
horizons with reducing conditions in flysch-derived soils of
the Babia Géra Massif and the Bieszczady Mts. under planted
spruce monocultures and clearly distinguished them from
the morphological features associated with the podzolization
process. However, in earlier studies where soil classification
was based primarily on morphological features, these layers
horizons may have been misidentified due to the similar col-
our of the E horizons in Podzols and slightly reduced ABg or
BAg horizons in Cambisols (Figure 4). Such a situation was
observed in many locations in the highest part of the eastern
Gorce Mountains, where Adamczyk and Komornicki (1970)
distinguished a bioclimatic class of Podzols. Meanwhile, de-
tailed soil mapping conducted during the reconnaissance stage
of this study revealed the presence of fine-grained Cambisols
with stagnogleic features in the topsoil mineral horizons and
no clear evidence of metal or SOM translocation down the soil
profiles. Thus, the bioclimatic pathway of Podzols development
in flysch-derived materials can be questioned, particularly as it
may lead to wrong habitat assessment.

5. Conclusions

In this study, we demonstrate that while a humid and cool
climate combined with the dominance of coniferous vegetation
is a necessary condition for the initiation and maintenance of
the podzolization process in soils developed from flysch, the
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Table 6
Chemical composition of the investigated soils

Bioclimatic vs. lithogenic drivers of Podzols in the Gorce Mountains

Symbol Depth Sio, AlLO, Fe,0, MgO Ca0O Na,O K,0
[cm] (%]
Profile K1: Albic Podzol (WRB 2022), podzol (PSC 2019)
Ah 0-2 90.0 5.8 1.0 0.3 0.1 0.7 1.1
Es 2-8 90.6 5.4 1.1 0.3 0.0 0.6 1.2
Bhs 8-12 84.6 8.6 2.7 0.6 0.0 1.1 1.6
Bs1 12-17 83.8 8.4 3.6 0.7 0.1 1.2 1.6
Bs2 17-28 84.3 8.7 2.8 0.6 0.1 1.3 1.5
BC 28-(50) 84.5 8.7 2.6 0.6 0.1 1.3 1.6
Profile K2: Eutric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
Ah(g) 0-9 75.9 13.1 4.9 1.4 0.1 1.1 2.2
Bwg 9-22 75.0 13.5 4.9 1.5 0.2 1.1 2.4
BC 22—(50) 74.2 13.7 5.1 1.6 0.3 1.1 2.6
Profile G1: Dystric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
Ah(g) 0-6 73.3 14.2 5.6 1.5 0,2 1.4 2.5
BAg 6-25 72.5 14.4 5.8 1.6 0,2 1.4 2.7
Bw1l 25-45 72.0 14.6 6.1 1.7 0,2 14 2.8
Bw2 45-65 71.0 15.4 6.1 1.8 0,2 1.3 2.9
BC 65—(80) 74.7 13.1 5.5 1.5 0,2 1.4 2.4
Profile G2: Endoeutric Cambisol (WRB 2022), ordinary brown soil (PSC 2019)
Ah(g) 0-3 74.2 13.8 5.2 14 0,3 1.2 2.4
ABg 3-10 73.6 14.3 5.2 1.5 0,2 1.3 2.5
Bwl 10-28 73.6 14.2 5.2 1.6 0,1 1.2 2.6
Bw2 28-50 72.5 14.7 5.6 1.8 0,2 1.2 2.7
BC 50-(70) 70.0 15.8 6.4 2.0 0,3 1.2 2.9
Profile M1: Skeletic Albic Podzol (WRB 2022), debris podzolic soil (PSC 2019)
Ah 0-5 86.2 8.0 1.7 0.4 0,2 1.2 1.1
AE 5-20 87.2 7.4 1.5 0.4 0,1 1.2 1.2
Es 20-40 86.8 7.4 1.9 0.3 0,1 1.2 1.3
Bhs 40-55 82.5 9.4 3.8 0.5 0,2 14 1.3
Bs 55-(70) 86.2 8.0 1.7 0.4 0,2 1.2 1.1
Profile M2: Protospodic Cambisol (WRB 2022), podzolic brown soil (PSC 2019)
Ah 0-5 86.3 7.6 2.1 0.4 0,2 1.2 1.2
Bhs 5-20 85.5 7.8 2.8 0.5 0,2 1.2 1.2
Bsw 20-35 85.5 8.0 2.6 0.5 0,1 1.3 1.2
BC 35—(50) 84.3 8.8 2.6 0.6 0,2 1.4 1.3
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properties of the parent material are primary conditions that
control the spatial occurrence of Podzols in the Gorce Moun-
tains. Previous concepts suggesting that bioclimatic factor
alone can lead to crossing the threshold of Podzols develop-
ment in fine-grained parent materials were not supported by
our results. Podzols occur exclusively in areas underlain by
a thicker, sandstone-dominated parent material, whereas ad-
jacent mudstones, reflecting the tectonic and lithological struc-
ture of the flysch, form parent materials from which Cambisols
develop. This pattern is observed regardless of uniform ther-
mal conditions and moisture regimes, which, although locally
dependent on topography, do not diminish the decisive role of
parent material in soil type differentiation.
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Czynniki bioklimatyczne i litogeniczne wplywajace na wystepowanie
gleb bielicowych na fliszu: nowe spostrzezenia z Gorcéw

Streszczenie

Gleby Karpat Zewnetrznych, w tym Gorcow, rozwijajq sie ze zwietrzeliny fliszu lub pokryw stoko-
wych pochodzenia fliszowego, ktére w przewazajacej mierze tworza gleby brunatne. Jednak w tych
obszarach wystepuja réwniez lokalnie gleby bielicowe. Ich powstawanie przypisywano dotad albo
obecnosci gruboziarnistego materialu macierzystego na nizszych wysoko$ciach, albo czynnikom
bioklimatycznym na wyzszych wysokos$ciach, ktére sprzyjaja silnemu zakwaszeniu gleby i inicjuja
bielicowanie. Celem niniejszego badania bylo okreslenie, w jaki sposéb wlasciwosci gleb brunat-
nych i bielicowych odnosza sie do wspéiczesnych warunkéw bioklimatycznych w najwyzszych
partiach Gorcéw. Wyniki kompleksowych badan, obejmujacych pomiary temperatury i wilgotno-
Sci gleby, badania roslinnosci i analizy wlasciwosci gleby, wykazaly, ze chociaz ogélnie wilgotny
i chlodny klimat jest niezbednym warunkiem bielicowania, wlasciwo$ci materialu macierzystego
odgrywaja decydujaca role w wystepowaniu gleb bielicowych. Gleby bielicowe sa konsekwentnie
zwigzane z gruboziarnistymi materialami macierzystymi pochodzenia piaskowcowego, ubogimi
we frakcje itlowg i zelazo. Sgsiednie gleby rozwiniete na drobnoziarnistych mulowcach, mimo ze
wykazuja slabe cechy odgérnego oglejenia, przypominajace efekty procesu eluwiacji w gérnych
poziomach, nie wykazuja wyraznych $ladéw proceséw iluwiacyjnych, i posiadaja wlasciwosci,
ktoére wspieraja funkcjonowanie znacznie bogatszych zespoléw gatunkéw roslin naczyniowych
w pietrze runa lesnego. Uzyskane wyniki podwazajg poglad, ze czynniki bioklimatyczne sg gtow-
nym czynnikiem powodujacym bielicowanie w gérnoreglowej strefie Karpat fliszowych, i pod-
kres$laja kluczowe znaczenie zmiennodci litologicznej materiatu macierzystego w rozwoju gleb na
duzych wysokos$ciach.
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