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Abstract: The formation of spatial pedocomplexity in forested landscapes is an issue that has not yet
been comprehensively resolved. This study analysed the effects of tree disturbances on the spatial
variability of soil chemical properties in order to explain the spatial pedocomplexity in one of the
oldest forest reserves in Europe. A total of 1545 sites over an area of 74 ha were assessed in terms of
soil taxonomy, morphology, and profiles. We quantified the spatial autocorrelation of soil chemical
properties and analysed the effects of soil disturbance regimes on soil chemical properties in both the
surface and subsurface layers using geostatistics and redundancy analysis, respectively. A paired
difference test revealed that the factors involved in the soil formation of the two layers are different.
The neoformation of the surface layer proceeds rapidly after soil disturbance and, therefore, some
formerly disturbed surface layers become mature above immature subsurface layers. The effect
of tree disturbances on soil chemical properties was significant for totally decomposed treethrows.
Treethrow density partially explained the variation in soil chemical properties in both layers, but
even more so in the subsurface layer. This study further elucidates the impact of treethrows on soils
and shows that they are an important driver of soil spatial pedocomplexity.

Keywords: soil spatial variability; geostatistics; soil evolution; podzolisation; Central Europe;
tree–soil interactions

1. Introduction

The spatial variability of soil properties has been investigated in many studies [1–5];
however, only a few studies have directly focused on the contribution of tree uprooting to
soil spatial complexity [6,7].

Soil complexity can be described within a framework of the convergence and diver-
gence evolution from two general perspectives. Regarding evolutionary pathways, such
convergence or divergence leads to increasing or decreasing variability, diversity and irreg-
ularity over time. Concerning the perspective of soil complexity in general, complexity is
related to spatial variability, pedodiversity, pedometrics, conceptual models of pedogenesis
and soil geography, as well as evolutionary pathways [8]. Soils formed by a convergent
trajectory may switch to divergent development due to climatic, geomorphic, tectonic,
ecologic, and/or anthropomorphic disturbances [8]. Therefore, both convergence and
divergence are closely related to dynamical instability and chaotic dynamics [9,10]. Several
studies have revealed the crucial role of local disturbances (i.e., tree uprooting) in soil evo-
lution in Western Europe [11], as well as in hillslope processes in some specific temperate
ecosystems (e.g., mountain mixed Central European or North America forests [12–14]).
Some authors have also suggested the potential significance of uprooting in soil spatial
complexity in forested areas [15,16]. Despite efforts to explore the influence of treethrows in
soils, little is known about the formation of spatial pedocomplexity in forested landscapes.

Podzols predominate in many temperate mountain forests and several theories de-
scribe the process of Podzol formation, i.e., podzolisation [17–19]. At the site studied here,
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in the Žofinský Prales Reserve, Czech Republic, one process that is thought to be specially
important is podzolisation, which involves the relocation of organo-mineral complexes
from the top layer to the subsoil layer through eluviation and illuviation. In addition to
Podzols, Dystric and Haplic Cambisols are also present in this area, although to a lesser
extent than Podzols. In Cambisols, transport by leaching of organo-mineral complexes
is not as important as in Podzols. Cambisols are composed of acid materials with a clay
formation from primary minerals in a diagnostic cambic subsurface layer, as well as by
its initial destruction by beginning podzolisation in the threshold surface and subsurface
layers. The diversity of soil types and spatial pattern in the Žofinský Prales Reserve has
not yet been sufficiently explained and we hypothesize that these variations are associated
with tree disturbances caused by treethrows.

Explaining the spatial pedocomplexity of soil properties in old-growth forests and
revealing the effect of tree disturbances in soil formation are important for a deeper un-
derstanding of geomorphological processes and landscape evolution. Our study helps
address this topic by evaluating the effect of treethrows on soil formation using field data
on associated soil chemical properties. The aim of this work was to analyse the effect
of tree disturbances produced by treethrows on the spatial variability of soil chemical
properties in the surface and subsurface layers, as well as on soil formation. This analysis
attempted to explain the soil spatial pedocomplexity in one of the oldest forest reserves
in Europe. To achieve this goal, we (i) differentiated soil chemical properties according to
their source (external and pedogenic), (ii) used geostatistical methods to quantify the soil
spatial variability, and (iii) applied multivariate statistical techniques to assess the effect of
tree disturbances on soil formation processes.

2. Materials and Methods
2.1. Site Description

The study was conducted in the Žofínský Primeval Forest Reserve (hereinafter referred
to as Zofin), located in the Novohradské Mountains in the SW Czech Republic (48◦39′58′′ N,
14◦42′28′′ E). The core zone of Zofin has been strictly protected since 1838, and is the fourth
oldest forest reserve in Europe. Zofin belongs to the ForestGeo global network of forest
research plots (www.forestgeo.si.edu/ (accessed on 20 January 2021)), and was the first
such site in continental Europe. We studied soils in an area of 74.2 ha at an altitudinal
range of 745–822 m a.s.l., with slopes of an average steepness of 8.6◦. Regarding aspect,
all directions are present in the study area, but with very little incidence to the south and
southeast (Figure 1). The mean annual precipitation total is 866 mm, and mean annual
temperature is 6.2 ◦C. Under the Köppen–Geiger system [20], the climate can be classified
as Dfb (humid continental climate). The geology is composed of fine to medium-grainy
porphyritic and biotite granite. The main vegetation is composed of a natural spruce-silver
fir-beech forest, although the proportions of Picea abies and especially Abies alba have been
decreasing due to air pollution, strong windstorms, and bark beetle outbreaks in the past
few decades. The dominant soils in terrestrial areas are Entic Podzols and to a lesser extent
Albic Podzols and Haplic and Dystric Cambisols (Figure S1) [7]. Only rarely do soils have
additional layers between the surface and subsurface (such as E, Bhs, Bsg, or Bm). In areas
around streams and other sites strongly affected by water, which cover about one third
of the area, there are hydromorphic and semihydromorphic soils, specifically Histic and
Haplic Gleysols, Haplic Fluvisols, and Endogleyic Stangonosols of the FAO-Unesco World
Reference Base [21,22].

www.forestgeo.si.edu/
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Figure 1. Location and elevation of the study area, and the sampling methodology. The black dots
are the location of four soil profiles randomly selected in the study area. White areas represent soils
with hydromorphic characteristics that were not considered in this study.

2.2. Soil Sampling and Analyses

The study area was divided into square grids of about 44 m (the distance was derived
from the Czech Forest Inventory, www.uhul.cz (accessed on 20 January 2020)). In each
square (309 in total), we identified a circle 23 m in diameter around the centre of each
square. In these circles, five soil profiles were described in terms of soil morphology [23]
and classified [21,22] (Figure 1), for a total of 1545 shallow soil profiles over the entire
study area. Within each profile, we sampled the surface layer (0–15 cm) and the subsurface
layer (15–60 cm). Then, the five samples from each layer within one square were mixed to
obtain a representative sample per square. We thus obtained 309 mixed samples from the
surface layer and 309 mixed samples from the subsurface layer. The surface and subsurface
layers in each soil profile were distinguished during the field work. Generally, the surface
layer coincided with horizon A (and horizon E in the case of Albic Podzols), with signs
of eluviation and a higher content of organic matter, aggregates, roots, a darker colour,
and with a higher porosity than the subsurface layer or horizon B. In addition, the B
horizon showed signs of illuviation. Both horizons showed a clear boundary [24]. Soils

www.uhul.cz
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with hydromorphic characteristics were not considered in this study. We avoided sampling
sites with treethrow pit-mound microtopography visible on the surface, but sites with lying
trunks and levelled forms were included in our dataset (more details are given below). The
samples were collected between 2010 and 2015.

The mixed fine earth sample from each square was analysed for 23 soil chemical
properties. These were selected to best indicate the degree of soil evolution (with pod-
zolisation being the most crucial soil forming process at the site) and plant nutrition. In
addition, the same chemical properties and texture were analysed from the surface layer to
below the subsurface layer in four soil profiles selected randomly in the study area: one in
Albic, one in Entic Podzols, one in Haplic, and one in Dystric Cambisols (Figure S2). In the
podzolic soils, nearly no clay was present, and the effect of organic matter predominated.
In the soil profiles studied, we distinguished and assessed two aspects of soil properties
based on expectations of their behaviour in soils and field measurements of soil chemical
concentrations (Figure 2). First, we considered soil chemical properties of external sources
(from complexes with organic matter or from parent material), which are characterized
by decreasing concentrations with depth to the subsurface layer (Figure 2a,b). The soil
chemical properties of external sources were considered to be: organic carbon (Cox), de-
termined spectrophotometrically after oxidation by H2SO4 + K2Cr2O7, soil reaction (pH),
exchangeable base cations of magnesium, calcium, sodium, and potassium (Mg2+, Ca2+,
Na+, K+), aluminium cations (both interchangeable and the organically bound univalent,
divalent, and trivalent aluminium species: Al (X)1+, Al (Y)2+, Al3+), exchangeable acidity
(EA), and the cation exchange capacity (CEC). The CEC represents the sorption capacity
of soil, i.e., the total amount of exchangeable cations that the soil can absorb at the actual
soil pH [25]. Note that the CEC has two important sources, organic matter and clay, but
as mentioned above, because clay was nearly absent from these podzolic soils, the CEC is
strongly driven by soil organic matter. Second, below the subsurface layer the soil chemical
properties can increase with depth, depending on soil processes that occur in the soil profile
or if the source is related to bedrock chemical weathering, as is the case for Ca2+. We thus
considered the soil chemical properties of pedogenic sources (formed by soil processes
through the profile such as podzolization) as those that were characterized by increasing
concentrations with depth until the lower part of the subsurface layer: exchangeable alu-
minium, manganese, and iron (AlKCl, MnKCl, FeKCl), and aluminium, manganese, iron,
and silicon oxides (Alox, Mnox, Feox, Siox), Aldit, Mndit, Fedit, Sidit (Figure 2c,d). These soil
chemical properties intervene in the podzolisation process, with the downward transport
of complexes of organic acids and with Al and Fe, and the downward transport of Al and
Si as inorganic colloidals [26].

In order to determine the biomechanical and biochemical interactions (tree distur-
bances) between tree uprooting and the spatial distribution of soil chemical properties
and, therefore, whether spatial pedocomplexity is potentially associated with treethrows,
we used a database of precisely determined stem positions of treethrows within the 23 m
diameter circles of each square. This database, along with the identification of pits and
mounds, was created in the study area between 2008 and 2013 (for details, see [27]). We
distinguished three degrees of tree decomposition: totally decomposed—the trunk has
already decayed and only the pit and mound microtopography exist at time of measure-
ment; partly decomposed—a partly decomposed uprooted trunk is still present; and fresh
treethrow—the uprooted tree trunk is still hard, without any decomposition. These forms
were considered to be the youngest. In our study, soil samples were taken in apparently
unmixed soil, so our assessment focused on the effect of tree disturbances on soil chem-
ical properties. Tree disturbances occurred at Zofin during the Holocene period, from
1700 years ago to the present day [14]. The variables that were used in this study were
treethrow density and treethrow depth (Table S1 and Figure S3). The treethrow depth was
determined by measuring the depth of the roots when they were visible, or the depth of
the pit when the tree was decomposed.
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Figure 2. Vertical distribution in the soil profile of the soil chemical properties analysed in our study
area. (a,b) were soil properties of external sources, and (c,d) were soil properties of pedogenic sources.
(1). Soil chemical properties of external sources. (2). Soil chemical properties of pedogenic sources.
Cations: Ca2+-Calcium, Mg2+-Magnesium, K+-Potassium, Na+-Sodium, Alox, Feox, Mnox, Siox-
Aluminium, Iron, Manganese and Silicon oxides, C-Carbon, Aldit, Fedit, Mndit, Sidit- Aluminium,
Iron, Manganese and Silicon dithionite.

2.3. Statistical Data Analysis
2.3.1. Descriptive Statistics

According to the CV classification system proposed by [28], the soil chemical properties
were classified as follows: A property was weakly variable if the CV was less than 10%,
moderately variable if the CV was between 10% and 100%, and was otherwise strongly
variable. An analysis of the linear correlation of Pearson coefficients (r) and p-values of the
soil chemical properties was also performed.

2.3.2. Geostatistical Analysis

The geostatistical analysis to explore the spatial autocorrelation of the soil chemical
properties was performed using Matlab R2021a. In linear geostatistics and statistics studies,
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a normal distribution of variables is important from a methodological perspective [29].
In our study, several soil chemical properties showed considerable deviations from nor-
mality, and these variations could have affected the variogram results. First, the data
normality of soil chemical properties of the surface and subsurface layer was tested with
the Shapiro–Wilk test [30]. If the data did not follow a normal distribution, transforma-
tion with logarithmic, square root, or 1/x methods were performed (e.g., [31,32]). Then,
omnidirectional experimental variograms were calculated by the following Equation (1):

γ

(→
h
)
=

1
2N ∑N

i=1

[
Z
(
→
x +

→
h
)
− Z

(→
x
)]2

, (1)

where
→
x = (x + y) denotes the coordinates of the centre of the elementary plot, Z

(→
x
)

are

the soil property values at
→
x (or log or sqrt transformed values),

→
h is a space separation

vector, and N is the number of data pairs separated by
→
h .

Then, theoretical models that better fit the experimental variograms were calculated.
The theoretical models tested were spherical, pentaspherical, circular, exponential, whittle,
stable, and matern [33,34]. We used the Akaike Information Criterion (AIC) estimator to
select the best-fitting theoretical model in each soil layer. From the theoretical models, all
variogram parameters were calculated (range, sill, and nugget) using the ranges of these
variograms as indicators of the maximum autocorrelation distance of the soil chemical
properties (Figure S4). The next step was comparing the variogram parameters in each soil
layer. Because a direct comparison of different models was not possible, we first selected the
same fitted model for the surface and subsurface layer using the AIC estimator. Then, we
applied a paired difference test, either a parametric (Student’s t-test) [35] or non-parametric
(Wilcoxon signed-rank test) [36] hypothesis test, depending on the distribution normality,
with a confidence level of 95%.

2.3.3. Relationships between Treethrow Density and Treethrow Depth and Soil
Chemical Properties

To explore the influence of treethrow on soil chemical properties, we analysed the
relationships between treethrow density, treethrow depth, and soil chemical properties in
both the surface and subsurface layer, as well as in the different soil units. We used the
Pearson correlation coefficient (r) to evaluate relationships between variables, with signifi-
cant relationships indicated with asterisks according to their significance level: *** p < 0.001;
** p < 0.05; * p < 0.1.

2.3.4. Redundancy Analyses

The effect of treethrow density and treethrow depth in the whole soil chemical proper-
ties dataset, both in the surface and subsurface layer, as well as in the different soil units,
was investigated using redundancy analysis (RDA) as a multivariate technique. The RDA
is a direct extension of regression analysis to model multivariate response data [37]. This
analysis was performed using the vegan package 2.5–7 [38] in R 4.0.5 (R Core Team 2021).
The RDA is based on Euclidean distances and performs linear mapping. Hellinger transfor-
mation was applied to standardize the soil chemical properties data with the decostand
function. The explanatory variables considered were treethrow density and treethrow
depth. To test the null hypothesis, which was that the explained variation in the dataset
was produced by random chance, a Monte Carlo test with 10,000 permutations was applied.
The null hypothesis was rejected if the p value was equal to or smaller than the predefined
significance level (α = 0.05).
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3. Results
3.1. Descriptive Statistics

Despite the homogeneous geological bedrock in the study area, we found surprising
richness of local soil types (Figure S1). In general, the forest contains acid soils, where the
exchangeable pH ranged from 2.5 to 3.7 in the surface and 3.5 to 4.2 in the subsurface layer.
Organic carbon ranged between 5% and 20% in the surface and between 1% and 6% in the
subsurface layer, reflecting the expected decreasing content with soil depth (Table 1, Figure S5).

Table 1. Descriptive statistics of the surface and subsurface layers. Specifically, the descriptive
statistics of the Podzols and Cambisols in the surface and subsurface layers are also shown
(N = 309 samples for the surface and 309 samples for the subsurface layer). Additional informa-
tion can be found in Table S2 in the Supplementary material.

Soil Chemical Properties Surface Layer Subsurface Layer

Mean Std. Dev CV(%) Mean Std. Dev CV(%)

External

Cox (%) 9.4 2.2 23.6 2.8 0.7 25.2
pH_KCl 3.1 0.1 5.8 3.9 0.1 2.9

CEC (mmol(+)kg−1) 133.7 18.1 13.5 58.3 19.2 32.8
EA (mmol(+)kg−1) 130.2 23.2 17.9 54.9 14.3 26.0

Mg2+ (mg kg−1) 63.7 20.0 31.4 9.6 11.9 124.2
Ca2+ (mg kg−1) 0.3 0.2 66.6 0.3 0.1. 113.7
Na+ (mg kg−1) 13.6 8.6 63.8 13.0 8.8 67.2
K+ (mg kg−1) 112.6 29.1 25.9 21.8 12.0 55.1

Al(X)1+ (mg kg−1) 118.6 25.6 21.6 14.6 3.7 25.3
Al(Y)2+ (mg kg−1) 11.3 3.2 28.2 7.7 4.3 56.0

Al3+ (mg kg−1) 556.3 140.5 25.3 345.8 82.6 23.9

Pedogenic

AlKClsum 686.3 158.3 23.1 368.1 85.6 23.3
AlKCl (mg kg−1) 688.9 171.6 24.9 395.6 84.5 21.4
MnKCl (mg kg−1) 60.6 77.7 128.3 6.8 6.4 93.1
FeKCl (mg kg−1) 228.0 120.3 52.7 8.9 7.4 83.2
AlOx (mg kg−1) 4170.7 1006.5 24.1 12,201.9 4773.1 39.1
MnOx (mg kg−1) 140.6 161.5 114.9 198.4 182.9 92.2
FeOx (mg kg−1) 12,202.9 3559.7 29.2 12,296.0 3579.9 29.1
SiOx (mg kg−1) 246.8 125.5 50.9 1299.7 861.1 66.3
Aldit (mg kg−1) 3473.9 1083.3 31.2 8936.1 3502.7 39.2
Mndit (mg kg−1) 175.6 177.5 101.1 279.5 193.2 69.1
Fedit (mg kg−1) 18,039.2 4269.8 23.7 21,086.7 4563.1 21.6
Sidit (mg kg−1) 721.8 497.8 69.0 1198.5 603.5 50.4

Soil Chemical Properties Podzol Cambisol

Surface Layer Subsurface Layer Surface Layer Subsurface Layer

Mean Std. Dev Mean Std. Dev Mean Std. Dev Mean Std. Dev

External

Cox (%) 10.4 1.1 3.2 0.3 9.0 0.7 2.6 0.1
pHKCl 3.1 0.1 4.0 0.0 2.9 0.1 4.0 0.0

CEC (mmol(+)kg−1) 128.0 6.1 67.4 8.5 134.3 1.7 54.8 0.8
EA (mmol(+)kg−1) 124.1 8.5 62.1 5.6 127.9 0.3 52.8 1.8

Mg2+ (mg kg−1) 53.4 6.6 6.1 3.0 68.0 3.7 11.5 2.1
Ca2+ (mg kg−1) 0.3 0.0 0.1 0.0 0.4 0.0 0.1 0.0
Na+ (mg kg−1) 16.5 4.1 11.6 0.6 12.6 2.2 14.9 2.2
K+ (mg kg−1) 106.8 5.1 16.8 2.1 117.8 2.5 24.9 1.1

Al(X)1+ (mg kg−1) 107.7 12.8 17.1 1.4 112.3 3.4 13.1 0.4
Al(Y)2+ (mg kg−1) 10.7 1.2 6.5 1.2 11.1 0.3 8.0 0.4

Al3+ (mg kg−1) 508.3 69.4 380.9 22.2 541.1 4.2 334.2 0.9

Pedogenic

AlKClsum 626.7 82.9 404.5 23.4 664.5 0.5 355.3 0.1
AlKCl (mg kg−1) 630.4 83.5 433.5 24.7 661.0 7.6 381.5 1.0
MnKCl (mg kg−1) 17.9 20.0 2.5 2.8 86.8 2.7 9.9 1.4
FeKCl (mg kg−1) 235.2 33.4 14.1 3.4 186.7 23.6 6.0 0.3
Alox (mg kg−1) 3469.8 769.2 17,057.0 3415.6 4318.2 373.0 10,384.0 537.1
Mnox (mg kg−1) 42.4 45.8 77.4 75.8 215.8 11.6 294.1 3.3
Feox (mg kg−1) 9815.4 2469.5 11,730.2 773.5 12,083.4 401.2 11,804.0 30.5
Siox (mg kg−1) 150.9 99.5 2288.3 744.5 299.8 38.3 987.1 69.3
Aldit (mg kg−1) 2927.1 585.8 11,803.4 2370.4 3526.1 32.6 7881.8 492.4
Mndit (mg kg−1) 57.4 49.4 177.4 75.4 257.5 10.0 371.8 2.7
Fedit (mg kg−1) 14,478.9 3345.5 21,502.6 988.1 18,060.1 901.4 20,523.5 45.2
Sidit (mg kg−1) 696.2 100.8 1523.2 299.7 740.4 38.0 1148.8 37.6
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Soil properties of an external source, such as Cox, pH, CEC, EA, Mg2+, Ca2+, Na+, K+

and Al cations, had higher mean values in the surface than in the subsurface layer. Of
the aluminium cations, the largest proportion was the highly toxic Al3+, representing an
average 81% and 93% in the surface and subsurface layers, respectively. Al(Y)2+ represented
about 2% of the total in both layers, and the least-toxic species, Al(X)1+, accounted for 17%
and 4% in the surface and subsurface layers, respectively. Soil properties of pedogenic
sources, Alox, Mnox, Feox, Siox, Sidit, Mndit, Aldit, and Fedit, had higher mean values in
the subsurface layer than in the surface or below the subsurface layer (Figure 2c,d). The
differences in the content of amorphous forms of Mn and Fe were minimal in the surface
and subsurface layers, but the Al content was three times higher and the Si content was
five times higher in the subsurface layer. In contrast, AlKCl, MnKCl, and FeKCl had higher
mean values in the surface than in the subsurface layer.

For soil units, Podzols showed a higher organic carbon content than Cambisols in the
surface and subsurface layers (p = 0.01 and 0.26, respectively). The contents of amorphous
forms of Al, Mn, Fe and Si and Aldit, Mndit, Fedit and Sidit were higher in the Cambisols
than in the Podzols in the surface (p < 0.0001). In contrast, the content of amorphous
forms of Al, Fe, and Si and Aldit, Fedit, and Sidit were higher in the Podzols than in the
Cambisols in the subsurface layer (p < 0.0001), with the minor exception of small differences
in Mnox, Mndit, and MnKCl content between the two layers. These differences are most
likely associated with cation exchange capacity (CEC), which was significantly higher in
the Cambisols than in the Podzols in the surface layer and higher in the Podzols than in
the Cambisols in the subsurface layer. Comparing the layers, the contents of amorphous
forms of Al, Fe, and Si in the Podzols were higher in the subsurface than in the surface
layer because of advanced pedogenesis, with minor exceptions for Mn. However, only the
content of amorphous forms of Al and Mn were higher in the Cambisols in the subsurface
than in the surface layer.

The coefficient of variance (CV) is an important indicator of the overall variation in
the heterogeneity of soil chemical properties. The pH of both layers showed low variability
(CV = 5.8 and 2.9%, respectively, for the surface and subsurface layers). In contrast, MnKCl,
Mnox, and Mndit in the surface layer (CV = 128.3, 114.9 and 101.1%, respectively) and Mg2+

and Ca2+ in the subsurface layer (CV = 124.2 and 113.7%, respectively) showed strong
variability. All other chemical soil properties had a CV ranging from 10 to 100%, suggesting
moderate variability. When comparing the layers, the CV of soil chemical properties of
external sources was higher in the subsurface layer, indicating a statistically significant
higher heterogeneity of external soil chemical properties in the subsurface than in the
surface layer. In the case of soil chemical properties of pedogenic sources, the CV was
higher in the surface layer, suggesting a statistically non-significant higher heterogeneity of
soil chemical properties of pedogenic sources in the surface than in the subsurface layer.

Regarding correlations, the relationships between soil chemical properties were stronger
in the surface than in the subsurface layer, with higher correlation values (r) and higher
significance levels (Figure 3). Specifically, the relationship of Cox with soil chemical prop-
erties of external sources was positive and stronger in the surface than in the subsurface
layer. The pH had negative and stronger relationships with soil chemical properties of
external sources in the subsurface than in the surface layer. All forms of aluminium and
pH were negatively related, and the relationships were stronger in the subsurface than in
the surface layer. There were strong relationships between calcium, magnesium, and all
forms of aluminium. Calcium and Al(Y)2+ were positively related in both layers and the
relationship was stronger in the subsurface than in the surface layer. Al(X)1+ and Al3+ were
negatively related to calcium, and the relationships were stronger in the surface than in
the subsurface layer. Magnesium was positively related with Al(Y)2+ and the relationship
was very strong in both layers. In contrast, magnesium was negatively related to Al+3 and
the relationship was stronger in the surface than in the subsurface layer. In the case of
soil chemical properties of pedogenic sources, relationships with Cox were negative and
weak in the surface layer, but positive and strong in the subsurface layer. The soil chemical
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properties of pedogenic sources, Mnox, Alox, Siox, Aldit, Mndit, Fedit, and Sidit, were all
positively related to pH in both layers (Figure 3).
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Figure 3. Pearson correlation coefficients for relationships between soil chemical properties for the
surface and subsurface layers. Positive correlations are displayed in blue and negative correlations in
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red. The colour intensity and the size of the circle are proportional to the correlation coefficients.
Below and to the side of the correlogram, the legend colour shows the correlation coefficients and
the corresponding colours. Correlations with p-value > 0.05 are considered insignificant, and the
correlation coefficient values are left blank. Abbreviations: organic carbon (Cox), soil reaction (pH),
exchangeable base cations of magnesium, calcium, sodium, and potassium (Mg2+, Ca2+, Na+, K+),
aluminium cations: Al (X)1+, Al (Y)2+, Al3+, exchangeable acidity (EA), cation exchange capacity
(CEC), exchangeable aluminium, manganese and iron (AlKCl, MnKCl, FeKCl), aluminium, manganese,
iron and silicon oxides (Alox, Mnox, Feox, Siox) and Iron, Manganese and Silicon dithionite (Aldit,
Mndit, Fedit, Sidit).

The texture of the Entic Podzols is mainly sandy in the upper and lower part of the
profile, and loamy sand in some intermediate horizons, while the Albic Podzols have sand
in the upper profile and loamy sand in the rest of the profile. The texture in the Haplic
Cambisols is loamy sand in the upper and in intermediate horizons and sand in the bottom
profile. The Dystric Cambisols are loamy sand in most of the profile and sandy loam in the
lower part of the profile. Bulk density is lower in the Albic and Entic Podzols than in the
Haplic Dystric Cambisols (Figure S6).

3.2. Spatial Patterns of Soil Chemical Properties

Generally, the results of the geostatistical analysis indicated that the exponential model
was the best fit for most of the soil chemical properties in both layers (Table 2). Comparing
the layers, the range values were generally higher in the surface than in the subsurface
layer for most of the soil chemical properties. The highest values were for Na+ (103 m) in
the surface layer and for CEC (254 m) in the subsurface layer. The lowest values were for
Sidit (31 m) in the surface layer and for Mg2+ (26 m) in the subsurface.

Table 2. Results of variograms parameters, range, sill, and nugget, and the statistical transfor-
mations of each soil chemical property (N = 309 samples for the surface and 309 samples for the
subsurface layer).

Surface Layer Subsurface Layer

Model AIC Effective
Range Sill Nugget Model AIC Effective

Range Sill Nugget

External External

Cox log Exponential −110.68 52 0.05 0.00 Cox log Circular −34.24 80 0.50 0.11
pH Exponential −137.91 59 0.00 0.00 Ph log Exponential −179.88 165 0.02 0.01

CEC Exponential 343.53 42 345.43 0.00 CEC log Circular −84.67 254 0.06 0.07
EA Exponential 329.66 39 584.07 0.00 EA log Spherical −121.38 42 0.06 0.00

Mg2+ log Exponential −76.66 61 0.09 0.00 Mg2+ log Gaussian −5.11 26 0.44 0.00
Ca2+ sqrt Gaussian −157.16 132 0.03 0.02 Ca2+ log Circular −187.18 159 0.02 0.01
Na+ log Gaussian −25.55 103 0.171 0.122 Na+ log Exponential −19.98 70 0.27 0.00
K+ log Exponential −98.13 50 0.07 0.00 K+ log Circular −59.44 34 0.20 0.00

Al(X)1+ Exponential 381.161 50 670.103 0.00 Al1+ log Gaussian −101.05 86 0.04 0.02
Al(Y)2+ log Exponential −94.75 45 0.07 0.00 Al2+ log Exponential −31.25 61 0.23 0.00

Al3+ Exponential 556.43 46 20,068.31 0.00 Al3+ log Exponential −111.91 27 0.06 0.00

Pedogenic Pedogenic

AlKClsum Exponential 568.00 44 25,403.97 0.00 AlKClsum
log Circular −120.12 42 0.06 0.00

AlKCl Exponential 576.26 47 29,209.92 0.00 AlKCl
log Circular −126.81 42 0.05 0.00

MnKCl
log Gaussian 103.22 99 2.50 0.60 MnKCl

log Exponential 73.38 88 1.56 0.00
FeKCl

log Exponential 0.53 48 0.45 0.00 FeKCl
log Exponential 23.83 90 0.60 0.00

Alox
log Exponential −109.73 59 0.06 0.00 Alox

log Exponential −40.08 48 0.21 0.00
Mnox

log Exponential 94.73 102 2.31 0.00 Mnox
log Exponential 78.67 98 1.70 0.00

Feox
log Exponential −72.03 53 0.11 0.00 Feox

log Exponential −90.83 35 0.09 0.00
Siox Exponential 507.16 73 15,894.54 2607.06 Siox

log Exponential 7.11 44 0.53 0.00
Aldit Exponential 771.62 56 1175527.62 0.00 Aldit

sqrt Exponential −35.38 50 0.22 0.00
Mndit

log Exponential 249.49 80 2.40 0.37 Mndit
sqrt Exponential 30.84 76 0.71 0.00

Fedit Exponential 910.02 52 17,233,684.54 0.00 Fedit Exponential −110.34 41 0.06 0.00
Sidit

sqrt Exponential 98.72 31 3.28 0.00 Sidit
sqrt Exponential 26.41 55 0.71 0.00

In general, the soil chemical properties did not have a nugget effect, with a few
showing a positive nugget effect (Na+, MnKCl, Siox and Mndit) in the surface layer, and
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Cox, pH, CEC, Ca2+, and Al1+ in the subsurface layer, explained by inherent variability
(Liu et al., 2006).

Comparing soil chemical properties of external and pedogenic sources, we observed
that the range values of soil chemical properties of external sources were generally lower
in the surface layer than in the subsurface layer. In contrast, the range values were lower
in the subsurface layer than in the surface layer for most of the soil chemical properties of
pedogenic sources. Moreover, we found the highest range value for the soil properties of
external sources in both layers (Na+ and CEC).

We applied the Wilcoxon signed-rank test (Wilcoxon, 1945) in the paired difference
test for comparing the variogram parameters of both layers, because the data did not follow
normality. The range and sill parameters indicated that the layers are significantly different
(p-values < 0.05 = 0.041 and 0.020 respectively), while the nugget parameter indicated a
non-significant difference between layers, with p-value > 0.05 = 0.161 (Table 3).

Table 3. Paired difference test (Wilcoxon signed-rank test) of variogram parameters between the
surface and subsurface layer.

p-Value 1

Range Sill Nugget

0.041 0.020 0.161
1 p-value < 0.05—significantly different; p-value > 0.05—not significantly different.

3.3. Relationships between Treethrow Density and Treethrow Depth and Soil Chemical Properties

Our field measurements in Zofin showed that the treethrow depth affected both the
surface (0–15 cm) and the subsurface (~15–60 cm) layers, even though the mean value of
the treethrow depth was 50 cm below the surface (Figure S7). In total, 42% of trees had
roots shallower than 25 cm in depth, 34% of trees had roots between 25–55 cm, 20% of trees
had roots between 55 and 100 cm, and 4% of roots were deeper, with a maximum value of
190 cm (data not published).

Concerning correlations, in the case of the totally decomposed treethrows, the treethrow
density showed highly significant correlations with most soil properties of pedogenic
sources in both layers, but even more significant relationships in the subsurface layer
(p < 0.05, p < 0.001). Some soil properties of external sources (Cox, EA, Mg2+, Ca2+, K+,
Al(X)1+, Al(Y)2+) showed significant correlations only in the subsurface layer (p < 0.1,
p < 0.05). Comparing soil units, most soil chemical properties of pedogenic sources showed
significant correlations only in the Entic Podzols in both layers, but with even more signifi-
cant relationships in the subsurface layer (p < 0.1, p < 0.05, p < 0.001). No other important
relationships were observed in the rest of the soil units. Generally, the significant correla-
tions were negative in the surface layer, while some of the significant correlations were
positive in the subsurface layer (Table 4).

In the case of partly decomposed treethrows, we found significant correlations between
treethrow density and some soil chemical properties. For example, we observed significant
correlations in Mg2+ and Al(Y)2+ in the surface and CEC, and Al3+, AlKClsum, AlKCl, and
Fedit in the subsurface layers (p < 0.05, p < 0.1). Thus, we found more soil chemical properties
with significant correlations in the subsurface layer than the surface layer. However, in
the case of fresh treethrow, we did not observe important correlations between treethrow
density and soil chemical properties (Table 5).

Regarding treethrow depth, in the case of totally decomposed treethrows, the treethrow
depth showed significant correlations with some soil properties in the surface (Cox, K+,
Al(Y)2+) and subsurface layers (Mg2+, Alox, Siox). Regarding soil units, we found some soil
chemical properties with significant relationships only in the Dystric and Haplic Cambisols
in the subsurface layer. For example, Cox, pH, Mg2+, and Al (Y)2+ in Dystric Cambisols and
Alox, Siox, Mndit, and Sidit in Haplic Cambisols showed the most significant correlations
(p < 0.1; p < 0.05) (Table 4). In the case of partly decomposed treethrows and fresh treethrows,
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we did not observe significant correlations between treethrow depth and soil chemical
properties (Table 5).

The significant relationships are indicated in Tables 4 and 5. All results in Tables 4 and 5
can also be found in the Supplementary Materials.

Table 4. Pearson correlation coefficient for the relationship between treethrow density and depth
of treethrow and soil chemical properties for totally decomposed treethrow. Significant relation-
ships are indicated in bold and marked according to their significance level: *** p < 0.001; ** p < 0.05;
* p < 0.1. Note that the relationships shown in the table are significant for treethrow density and
depth of treethrow. The soil units analysed are: AlPo-_Albic Podzol, EnPo-Entic Podzol, DyCa-
Dystric Cambisol, HaCa-Haplic Cambisol. More information can be found in Table S3 in the
Supplementary Materials.

Totally Decomposed Treethrow

Treethrow Density

Soil Properties Surface Layer Subsurface Layer Surface Layer Subsurface Layer

Soil Unit

EnPo EnPo HaCa

External

Cox − 0.15 ** − 0.17 ** −
pH −0.22 *** − −0.16 ** − −
EA − 0.10 * − − −

Mg2+ − −0.14 ** − − −
Ca2+ − −0.10 * − − −
Na+ − − − − −0.22 *
K+ − −0.14 ** 0.17 ** − −

Al(X)1+ − −0.11 * − − −
Al(Y)2+ − −0.09 * − −0.17 ** −

Pedogenic

MnKCl −0.17 ** −0.24 *** −0.15 * −0.14 * −0.22 *
Alox −0.18 *** 0.32 *** −0.14 * 0.33 *** −
Mnox −0.18 *** −0.23 *** −0.22 *** −0.17 ** −
Feox −0.18 *** − −0.2 ** − −
Siox −0.21 *** 0.27 *** −0.2 *** 0.28 *** −
Aldit −0.14 * 0.25 *** − 0.26 *** −
Mndit 0.14 *** −0.20 *** −0.21 *** −0.19 ** −
Fedit −0.14 ** 0.15 ** − 0.18 ** −

Totally Decomposed Treethrow

Treethrow Depth

Soil Properties Surface Layer Subsurface Layer Subsurface Layer

Soil Unit

EnPo DyCa HaCa

External

Cox 0.19 *** - - −0.43 ** -
pH - - - −0.35 * -

Mg2+ - −0.11 * - −0.34 * -
K+ 0.12 ** - - -

Al(Y)2+ 0.13 ** - - 0.31 * -

Pedogenic

Alox - 0.16 *** - - 0.25 **
Siox - 0.13 ** - - 0.27 **

Mndit - - - 0.27 **
Sidit - - 0.16 * - 0.20 *
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Table 5. Pearson correlation coefficient for the relationship between treethrow density and depth
of treethrow and soil chemical properties for partly decomposed treethrow and fresh treethrow.
Significant relationships are indicated in bold and marked according to their significance level:
*** p < 0.001; ** p < 0.05; * p < 0.1. Note that the relationships shown in the table are significant
for treethrow density and depth of treethrow. More information can be found in Table S3 in the
Supplementary Materials.

Partly Decomposed Treethrow

Treethrow Density Treethrow Depth

Surface Layer Subsurface Layer Surface Layer Subsurface Layer

External

pH - - - 0.36 **
CEC - −0.41 ** - −0.32 *
Mg2+ 0.37 ** - - -

Al(Y)2+ 0.38 ** - 0.46 *** -
Al3+ - −0.33 * - -

Pedogenic

AlKClsum - −0.32 * - -
AlKCl - −0.35 * - -
Fedit - −0.37 ** - -

Fresh Treethrow

Treethrow Density Treethrow Depth

Surface Layer Subsurface Layer Surface Layer Subsurface Layer

External

Cox - - 0.17 * -
Mg2+ - - 0.20 ** -

K+ - - 0.32 *** -

Pedogenic

MnKCl −0.17 * - - 0.35 ***
Alox - - −0.18 * -

3.4. Effects of Soil Disturbance Regimes on Soil Chemical Properties

In Section 3.3, we demonstrated the relationship between tree disturbances and soil
chemical properties. In this section, we further investigate the effect of tree disturbances on
soil chemical properties with a multivariate redundancy analysis. This analysis revealed
that, for totally decomposed treethrows, treethrow density and treethrow depth explained
2.3 and 4.6% of the variation in soil chemical properties in the surface and subsurface layers,
respectively. Regarding soil units, we found that the explanatory variables explained 4
and 6% of the variation in soil chemical properties only in the Entic Podzols in the surface
and subsurface layers, respectively. In the case of partly decomposed treethrows, the
explanatory variables explained 3.4 and 1.1% of the variation in soil chemical properties
in the surface and subsurface layers, respectively. For fresh treethrows, the explanatory
variables explained 2.1 and 1.1% of the variation in soil chemical properties in the surface
and subsurface layer, respectively. In all cases of tree decomposition, most of the soil
chemical properties of pedogenic sources and some soil properties of external sources, such
as K+ and Al+3, could be explained by the explanatory variables both in the surface and
subsurface layers. The Monte Carlo permutation test with 10,000 random permutations
showed that the model was highly significant for all categories of treethrow decomposition
(p-value = 0.001) and both layers. For totally decomposed treethrows, treethrow density was
highly significant (p < 0.001) in both layers (n = 287). Specifically, the treethrow density was
significant (p < 0.05) in the Entic Podzols in both layers (n = 140). For partly decomposed
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treethrows, treethrow density was significant (p < 0.05) in the subsurface layer (n = 33). In
the case of fresh treethrows, none of the explanatory variables were significant (n = 102).
However, depth of treethrow was not significant in any case (Table 6).

Table 6. Redundancy analysis (RDA). Pearson correlation coefficient for the relationship between
treethrow density and treethrow depth, and soil chemical properties. No. samples indicates the
number of plots in each category. Significant relationships are indicated in bold and marked according
to their significance level: *** p < 0.001; ** p < 0.05. More information can be found in Table S4 in the
Supplementary Materials.

Totally Decomposed Treethrow

Soil Layer No. Samples No. Soil Properties Explained Variability (%) p-Value F-Value

Treethrow density Surface 288 23 2.3 <0.001 *** 6.31
Subsurface 288 23 4.6 <0.001 *** 11.80

Entic Podzol

Soil Layer No. Samples No. Soil Properties Explained Variability (%) p-Value F-Value

Treethrow density Surface 140 23 4 <0.05 ** 2.82
Subsurface 140 23 6 <0.05 ** 6.21

Partly decomposed treethrow

Soil Layer No. Samples No. Soil Properties Explained Variability (%) p-Value F-Value

Treethrow density Surface 34 23 3.4 >0.1 0.86
Subsurface 34 23 1.1 <0.05 ** 3.27

The significant relationships are shown in Table 6. All results in Table 6 and Figure S8
can also be found in the Supplementary materials.

4. Discussion

It is well known that soil is formed by a complex interaction of factors, including
the parent materials, climate, relief, organisms, and time [39]. Although quantifying
soil forming processes has been the goal of many studies [40–43], there is still a lack
of knowledge in identifying and quantifying these processes, and they are usually not
represented correctly in soil formation models [44]. In their review of the importance of
soil processes in current landscape evolution models, [44] reviewed data and models on
weathering rates, transport processes, soil profiles, and combined soil landscape evolution
models, and discussed how scientists and modelers can work together in order to validate
models with field data. They proposed 22 soil processes that need to be included in
soil formation models (for example, podzolisation), but noted that only about 50% of
these processes have been sufficiently studied to be used for this purpose. In our study,
we attempted to elucidate the soil formation processes specific to podzolisation and the
alteration of primary minerals into secondary (especially clay) minerals. Specifically, we (i)
studied differences between the sources (external vs. pedogenic) of soil chemical properties,
(ii) quantified and analysed the spatial variation in soil chemical properties in the surface
and subsurface layers, and (iii) determined the effect of soil disturbance regime on soil
chemical properties and on soil formation, to explain the soil spatial pedocomplexity in a
natural temperate forest characterized by tree disturbances.

4.1. Vertical Patterns of External and Pedogenic Sources

Organic carbon content significantly moderates soil evolution in mountain soils on
acidic granitic bedrock as in Zofin. This is related to the higher mean values of CEC
and EA in the subsurface layer. Therefore, the main source of CEC comes from organic
matter and not from clay, which is limited in podzolised soils. Calcium, magnesium,
sodium, and potassium concentrations were higher in the surface than in the subsurface
layer, associated with a higher amount of organic matter in the upper layer (Table 1). The
natural distribution of calcium and magnesium can determine soil pH, which controls
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the distribution of aluminium in soils, as demonstrated by [45]. Organic matter is also
important in the distribution of aluminium, which is bound to organic complexes [46].
Soil acidity is closely linked with aluminium; lower pH is associated with higher risk of
aluminium toxicity. Al+3, associated with the mineral Al form, is related to phytotoxicity
in acid soils, as discussed in detail by [47,48], and Al(X)+1 and Al(Y)+2 can bind to organic
complexes. Therefore, the lower the pH, the higher the aluminium level and degree of
plant toxicity. In addition, the acidification process is accelerated in soils occupied by Picea
abies, such as at Zofin, as shown by [45].

The soil chemical properties of the external sources studied here generally had de-
creasing concentrations with sample depth. However, the trend for calcium with depth was
the opposite, as similarly demonstrated by [49]. Calcium depends not only on humidity
but also on the bedrock. Figure 2a shows that Ca+2 at our site had higher concentrations at
the 150 cm depth than at the surface. Furthermore, the calcium concentration was lower in
the subsurface than in the surface and in deeper layers. This distribution of calcium can
be attributed to the fact that there are two sources of Ca+2. Calcium is released from the
bedrock by chemical weathering of feldspar, which is altered by hydrolysis to clay minerals.
At the same time, calcium is derived from organic matter in the surface layer because in
acid soils some minerals are completely dissolved and their components, including Ca+2,
go into solution. In addition, the uptake of cations by roots, mainly described for Fagus,
influences the cation concentrations at the surface [50,51]. This highlights the fact that
categorizing the source of soil chemical properties as external or pedogenic is difficult, due
to the diverse sources of some soil chemical properties.

Regarding soil chemical properties of pedogenic sources, at our site amorphous forms
were found in higher concentrations in the Podzols in the subsurface than in the surface
layer, indicating an advanced pedogenesis process. Soil formation in the Cambisols was not
as advanced as in the Podzols, i.e., the transport of amorphous forms was not as important.

4.2. Spatial Patterns of Soil Chemical Properties in the Surface and Subsurface Layer

In general, most of the soil chemical properties had a higher spatial autocorrelation
in the surface than in the subsurface layer. Our findings are comparable to the results
obtained in [7]. This can be explained by the effect of frequent uprooting, which has a
lengthier effect in the subsurface compared to the surface layer, i.e., the formation of the
subsurface layer requires more time than the formation of the surface layer. Tree uprooting
processes have dominated in Zofin over the past thousands of years, and this may be
considered an exceptional feature of the ecosystem dynamics (Figure 4). [52] found that
hillslope dynamics are dominated by tree uprooting in Boubin (south Bohemian region,
Czech Republic), which has similar ecosystems to Zofin and is in the same region, and [16]
analysed the spatial pedocomplexity and its sources, including the effect of individual
trees. Later, [14] demonstrated the long-term predominance of biogenic creep associated
with tree uprooting in hillslope processes. Furthermore, the results obtained in the paired
test indicated that the formation of both layers is different. We believe this reflects the
effect of tree uprooting on soil chemical properties, as discussed above. Nevertheless, if we
distinguish between external and pedogenic sources, we can interpret the spatial patterns
of soil chemical properties as follows. The soil chemical properties of external sources had
a higher spatial autocorrelation in the subsurface layer compared to the surface layer. The
CV followed the opposite trend, with a higher CV for soil properties of external sources
in the subsurface than in the surface layer. This finding is comparable to the study of [53].
This can be explained because the soil chemical properties of external sources are more
affected by soil disturbances in the surface compared to the subsurface layer, of which
formation is related to geology and topography.
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In contrast, the soil properties of pedogenic sources had a higher spatial autocorrelation
in the surface than in the subsurface layer. The CV followed the opposite trend, i.e., it
was higher in the surface than in the subsurface layer. This can be explained by the fact
that the soil dynamics in the top are higher than in the subsurface layer. Therefore, the
neoformation of the surface layer proceeds quite rapidly, and the disturbed top layer is
developed above an immature subsurface layer. Furthermore, at our site, and as found
in some other studies [54–56], AlKCl, MnKCl, Feox, Mnox, and Mndit concentrations in the
topsoil are influenced by organic matter through reductions due to complexation reactions
that increase with organic matter, and which depend on the CEC. Later, these soil chemical
properties are translocated to the subsurface layer, as is inherent to a Podzol formation.
However, AlKCl and MnKCl are not transported in large amounts to deeper profile depths
during podzolisation, as was also found in our study area.

4.3. Impacts of Tree Uprootings on Vertical and Spatial Patterns of Soil Chemical Properties

In a previous study on the old-growth temperate forest at Zofin, [15] detected a
spatially non-random effect of tree uprooting on soil taxonomy. Here, we assessed the effect
of treethrow disturbances on the vertical and spatial patterns of soil chemical properties,
which are one of the drivers of soil spatial complexity. The influence of the treethrow
density of totally decomposed treethrows is particularly important in podzolisation at
our site. The treethrow density explained the higher variation in soil chemical properties
of pedogenic sources in the Entic Podzols in both the surface and subsurface layers, but
particularly in the subsurface layer. This indicates that the soil chemical properties are more
affected by soil disturbances in the surface compared to the subsurface layer. In general,
the negative correlation between treethrow density and the soil chemical properties of
pedogenic sources in the surface layer denotes that these soil chemical properties in the
surface are translocated to the subsurface layer. This relationship between treethrow density
and soil chemical properties may also be interpreted as a link between the spatial pattern
of disturbance regimes and soil patterns (see Section 4.2).

In summary, soil dynamics are likely to be higher in the surface than in the subsurface
layer at our site. As demonstrated in our study, part of these dynamics is produced by
tree disturbances, which is caused mostly by treethrow density of totally decomposed
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treethrows in Entic Podzols. This scenario is likely to increase the organic matter content in
soil and, as in forest soils, element cycling is strongly related to organic matter. Moreover,
the dynamics of amorphous forms are determined by several factors, such as organic
matter [54–56]. Therefore, it is likely that the organic matter content in the soil of the
decomposed treethrows plays a fundamental role in the spatial and vertical distribution of
soil chemical properties in Zofin. On the one hand, the treethrow density affects the vertical
distribution of soil chemical properties in the soil profile, promoting podzolisation. Thus,
these soil chemical properties are translocated to the subsurface layer, as discussed above.
Hence, the neoformation of the surface layer after a soil disturbance proceeds rapidly, and
the disturbed surface matures above the immature subsurface. On the other hand, tree
disturbances intervene in the spatial distribution of soil chemical properties. This is also
related to the spatial distribution of the soil carbon content. In fact, the differences in the
spatial distribution of organic carbon are statistically significant between the totally decom-
posed treethrows areas and partly decomposed and fresh treethrow areas. In addition, the
Entic Podzols have a lower bulk density in the surface layer due to the high organic matter
content.

Future work is needed to identify and quantify the topographic and environmental
factors that may control the spatial patterns of soil chemical properties. Additionally, it is
potentially interesting to study the effect of the treethrow decomposition in soil weathering—
biological, physical, and chemical. For example, it would be useful to quantify bioturbation
using an analytical model based on luminescence techniques [43] or granulometry [57,58].

5. Conclusions

We demonstrated a moderate but significant effect of treethrows on the soil chem-
ical properties in Zofin. This relationship between treethrow density and soil chemical
properties may also be interpreted as a link between the spatial pattern of disturbance
regimes and soil patterns. Treethrow density was the most significant explanatory variable
for soil chemical properties, while treethrow depth was not significant. The treethrow
density of totally decomposed treethrows explained the higher variation in soil chemical
properties (4% in the surface and 6% in the subsurface layers) in the Entic Podzols. This can
be explained by the fact that the soil chemical properties are more affected by the extremely
frequent uprooting at the surface compared to the subsurface layer. Consequently, it is
likely that the organic matter of the decomposed treethrows plays a fundamental role in the
spatial and vertical distribution of the soil chemical properties at our site. On the one hand,
treethrow density indirectly promotes podzolisation by allowing the translocation of the
soil chemical properties from the surface to the subsurface layer, specifically amorphous
forms, of which the dynamics are determined by organic matter at the surface. On the other
hand, tree disturbances intervene in the spatial distribution of soil chemical properties. In
fact, there are differences in the spatial distribution of soil organic carbon between areas
with different degrees of treethrow decomposition. This highlights the impact of treethrows
on soils, showing that they are one of the drivers of soil spatial pedocomplexity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13050769/s1, Table S1: Treethrow density and treethrow depth.
(a) Totally decomposed, (b) Partially decomposed and (c) Fresh treethrow; Table S2: (a) Descriptive
statistics of the surface and subsurface layers. (b) The descriptive statistics are also shown for
Podzols and Cambisols in the surface and subsurface layers. (N = 309 samples for the surface and
309 samples for the subsurface layer), Table S3: Pearson correlation coefficient for the relationship
between treethrow density and depth of treethrow and soil chemical properties for totally and partly
decomposed treethrow and fresh treethrow. Significant relations are indicated in bold and marked
according to their significance level: *** p < 0.001; ** p < 0.05;* p < 0.1. Noted that the relations showed
in the table are the significant in Treethrow density and Depth of treethrow. The soil unit analysed are:
AlPo-_Albic Podzol, EnPo-Entic Podzol, DyCa-Dystric Cambisol, HaCa-Haplic Cambisol, Table S4:
Redundancy analysis (RDA). Pearson correlation coefficient for the relationship between treethrow
density and treethrow depth, and soil chemical properties. No. samples indicates the number of plots
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in each category. Significant relations are indicated in bold and marked according to their significance
level: *** p < 0.001; ** p < 0.05; * p < 0.1, Figure S1: The distribution of soil units in the study area.
Entic Podzols (EnPo) were the most frequent soil unit, occupying 166 plots (47%). Dystric Cambisols
(DyCa) and Haplic Cambisols (HaCa) were located in 138 plots (39%), and Albic Podzols (AlPo)
were found in 30 plots (8%). The remaining plots had soils with significant amounts of stagnic, gleic,
or even histic properties and/or horizons. Such soils were classified as Stagnosols (Sg), Gleysols
(HHGl), Mix-d-mixed terrestrial soils (dry), and Mix-w-mixed (semi)-hydromorphic soils (wet). Note
that hydromorphic soils and treethrows in them were not taken into account in this study. Figure S2:
Soil profiles studied in the study area. Figure S3: Sampled treethrows in the study area in the three
decomposition degrees: totally decomposed, partly decomposed, and fresh treethrow. Figure S4:
Example of an experimental variogram fitted to an exponential model in the case of Al+2. Figure S5:
Boxplots of the soil chemical concentrations, both in the surface and subsurface layers, in the study
area. Figure S6: Vertical distribution of bulk density in Haplic, Dystric Cambisols, and Albic and
Entic Podzols. Figure S7: Histograms of treethrow depth measured in the study area. Figure S8:
Redundancy analysis (RDA). Ordination diagram (triplot) showing the significant relationships of
Table 6. Sites (denoted by points), explanatory variables (treethrow density and treethrow depth;
red arrows), and response variables (soil properties; blue arrows). First axis is horizontal, second
axis is vertical. The angles among arrows denote the degree of correlation between the individual
variables; the smaller the angle, the larger the correlation. In addition, positively correlated variables
are shown as arrows pointing in the same direction, while negatively correlated variables point in
opposite directions.
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