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Abstract: This study investigates how certain forest soil properties influence the propensity of beech
forests to windthrow disturbances. The field measurements of soil electrical resistivity were carried
out in an old-growth natural beech forest where the soil has developed from Cainozoic sedimentary
rock with mudstone–claystone stratigraphy. In 2014, the forest was hit by a severe windstorm, and
dispersed windthrow occurred at certain plots. Apparent electrical resistivity measurements were
performed to investigate whether some soil properties could influence the forest trees’ predisposition
to windthrow. The increases in the clay content and soil bulk density below 30 cm were associated
with weathered claystone and mudstone, which created a physiological barrier for deeper root
penetration. The result of the χ2 test suggested that the windthrown spots were not distributed evenly
over the entire study area. They were mainly concentrated over approximately 50% of the area, and
their positions coincided with low resistivity values, indicating low soil skeleton content, high clay
content and soil moisture. Therefore, electrical resistivity tomography could be considered a useful
predictive tool for reducing the risk of natural disturbances by preventive forest management.

Keywords: electrical resistivity; ecological disturbances; windthrow; European beech; claystone;
physiological soil depth

1. Introduction

Forests and their ecosystem services are threatened by increasing natural disturbances in many
parts of the world, particularly in relation to climate change (e.g., [1–3]). One of the paramount reasons
for forest disturbances and the resulting ecosystem and economic damage are strong winds and storms.
Wind disturbances have been found to be dominant processes that influence the structure and canopy
of old-growth temperate forest ecosystems [4,5]. Therefore, efforts have been made to predict their
occurrence in space and time based on abiotic, biotic and anthropogenic factors, such as past land
use, and thus enable forest managers to focus on precautionary measures, such as growing more
wind-resistant tree mixtures or thinning practices in the most risk-prone areas [6].

Although bedrock and soil properties can influence the forest trees’ root growth and their stability
prior to natural disturbances, not enough attention has been paid to variables influencing tree stability,
such as root system architecture and the physical and hydrophysical properties of soil [7]. Besides, it is
not known whether soil types or root system characteristics influence uprooting the most, because
each parameter is dependent on the other. In addition, larger trees are more prone to wind mortality as
opposed to subcanopy stems when intermediate wind disturbance has occurred (e.g., [8,9]).

Therefore, investigating the possible association between forests’ vulnerability to windthrow on
the one hand and the mechanical and hydrophysical properties of soil on the other hand could cast a
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fresh light on new opportunities for preventive and climate-smart forest management. Noninvasive
electrical resistivity methods are powerful and quick tools for the study of the hydrophysical properties
of soil in areas affected by natural disturbances. Electrical resistivity tomography is a nondestructive
geophysical method that allows measurements of the subsurface distribution of resistivity by using
measurements on the soil surface. The measurement is based on the difference in resistivity of
individual rock formations, soil layers, aquifers, etc. Studies of nondestructive soil properties based
on geophysical measurements are still rarely used in ecological research, although they have been
coming to the forefront in recent years, especially when studying soil properties in the root zone and
the study of water movement in the vadose zone. Nondestructive geophysical study methods provide
a complementary tool to traditional soil sampling methods and provide a comprehensive overview of
soil properties in 2D and 3D space, and possibly over time, by using time-lapse measurements [10].
Monitoring of water movement, saturation and soil water potential at shallow depths in the vadose zone
due to tree transpiration was used, for example, by Kurjak et al. [11], Nourtier et al. [12] and Carrière
et al. [13]. Nondestructive geophysical methods (electrical resistivity tomography and georadar) in
the study of root system distribution in the forest ecosystem were used, for example, by Rodríguez
et al. [14]. In addition, the identification of clayey layers based on electrical measurement is rather
straightforward due to the negative charge on the clay mineral surface. This negative charge causes
very low resistivity between 0 and 100 Ohm·m [15].

In this study, we present measurements of soil and bedrock properties using the electrical resistivity
method in light of their potential effect on forest trees’ stability. Despite the fact that electrical resistivity
tomography is primarily a method developed and used in the exploration of deeper geological
structures, its use in ecological research in recent years provides a prerequisite for its application
even in the more shallow layers of soil near the surface. Therefore, the specific objective of the study
was to explore opportunities for the application of electrical resistivity tomography (ERT) to identify
the areas featuring a high risk of windthrow disturbance according to geological stratigraphy and
soil properties. This was done by studying the association between soil electrical resistivity and the
incidence of actual windthrow disturbance in a natural old-growth European beech forest affected by
windthrow disturbance.

2. Materials and Methods

2.1. Site Description

The experimental site was situated in National Preserve (NP) Havešová (Bukovské vrchy
Mountains, 49◦00′35” N 22◦20′10” E). Since 2007, NP Havešová has been included on the UNESCO
World Nature Heritage list [16]. NP Havešová covers 171.32 ha and is situated between 440 and 741
m above sea level. The forest cover is mainly a 170-year-old European beech forest (Fagus sylvatica
L.) with an admixture of sycamore (Acer pseudoplatanus L.), ash (Fraxinus excelsior L.) and elm (Ulmus
glabra Huds.). The study site is in the middle warm to middle cool and very humid regions. The mean
annual air temperature is 6.0–6.5 ◦C, and annual precipitation ranges between 800 and 850 mm. The
main soil type in this study area is Dystric Cambisol developed on Paleocene sandstone and mudstone
(Table 1). The average slope inclination is 15◦.

On 14 and 15 May 2014, the territory of the Slovak Republic (mainly the eastern part) was affected
by a strong windstorm accompanied by intense rainfall. Intense rainfall also occurred in the days before
the windstorm with a total amount of approximately 70 mm. The maximum daily rainfall intensity
near the study area, measured on 11 May 2014, was 49.5 mm. The maximum wind speed during
the wind storm was up to 100 km·h−1 [17]. Strong wind combined with near-saturated soil caused a
forest disaster with a total of more than 4 million m3 of windfall trees volume, mainly broadleaf tree
species [18].
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Table 1. Physical and chemical properties of the soil on the study site.

Depth (m) Soil
Horizon

Skeleton
Content

Rooting
Density

Sand (0.05–2.0
mm) (%)

Silt (0.002–0.05
mm) (%)

Clay (<0.002
mm) (%)

Bulk Density
(g·cm−3)

0.00–0.04 Umbric 15% (fine
gravel) Intermediate 11.6 71.5 16.9 0.913

0.04–0.10 Umbric/
Cambic

25%–30%
(gravel) Intermediate 10.1 71.6 18.3 0.934

0.10–0.30 Cambic 1 30% gravel,
stones) Intermediate 10.6 76.0 13.5 1.069

0.30–0.61 Cambic 2 20% (stones) Low 15.4 62.9 21.7 1.254

0.61–1.00
Cambic/
Parent
rock

60% (stones) Low 20.4 57.2 22.5 1.266

2.2. Resistivity Measurement and Data Processing

Since it was not possible to determine the soil properties related to the occurrence of uprooted
trees (depth of potential impermeable layers and shallow water table) by classical methods due to
the size of the locality of interest and the intensity of the field work, 2D measurements of electrical
resistivity tomography were made for this purpose. This made it possible to perform measurements
in a less time-consuming manner and in a relatively shorter time and, after calibration, to interpret
the results obtained for the entire study area. A sampling scheme consisting of 40 plots arranged in a
150 × 150 m grid was set up across the area (Figure 1). The electrical resistivity tomography (ERT) of all
40 profiles was measured in August 2014 by ARES, an automatic geophysical system (GF Instruments,
Brno, Czech Republic), along 48 m long resistivity profiles with unit electrode spacing 2 m using a
Wenner–Schlumberger array. Due to uprooted trees, not all ERT measurements could be performed in
the same direction; therefore, 18 profiles were measured along the contour line and 22 profiles were
measured down the slope. At the beginning of the measurement, the potential was set to 20 mV, pulse
0.5, measurement stacking 4 (i.e., minimum and maximum pulses were 4) and the number of data
points was 121 on every measured profile.

The inversion process on measured data was performed using RES2DINV software [19], employing
the least-square method. Apparent resistivity is defined as the resistivity of an electrically homogeneous
space, measured from the soil surface between two points represented by potential electrodes (usually
called the M and N electrodes). In order to be used for interpretation, the data thus obtained needed to
be inverted, which was achieved by a generalized linear inversion theory. Using mathematical and
statistical techniques, the apparent resistance data obtained were converted into inverted resistance
values, which provided information on the physical properties of the subsurface layers. The inversion
was performed by using a standard smoothness-constraint model, and the standard Gauss–Newton
method was used to solve the least-squares equation. During the inversion process, the unit electrode
spacing was reduced to half (i.e., 1 m) due to better visualization of the depth of interest. Then a
map of apparent resistivity distribution at the depths of 0.5, 1 and 2 m across the study area was
produced within the SURFER software environment (Golden Software, Golden, Colorado, USA).
Electrical resistivity tomography has previously been used for measurement at a shallow depth, e.g., in
Samouëlian et al. [20].

The soil profile was excavated at the study area to calibrate soil properties to measured resistivity
values. The soil samples were taken from each soil subhorizon, and soil particle size distribution
was measured by the sedimentation method. The percentage content of soil skeleton was obtained
as a relative area of stones on the profile wall, and the root distribution was specified by the verbal
description in each subhorizon during the soil profile field description.
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Figure 1. Position of 40 plots for electrical resistivity measurement (Google Earth, Google LLC).

2.3. Statistical Analysis

In the field, the number of plots with a presence or absence of windthrow disturbance as
manifested by downed uprooted trees were recorded and summed up for the study area and delineated
by consecutive soil electrical resistivity, with a 100 Ohm·m increment, i.e., 0–100 Ohm·m, 100–200
Ohm·m and so on.

Thus, the share of areas featuring electrical resistivity <400 Ohm·m and >400 Ohm·m on the total
surface is given as fractions of 1, multiplied by the total number of disturbed plots. This produced the
expected windthrow frequencies, while the actual windthrown sites occurring within the respective
intervals (i.e., 0–400 Ohm·m and >400 Ohm·m) represented the observed frequencies.

Then we used the chi-square test of independence to test the null hypothesis that the total sample
of windthrown plots, N, is distributed area-wise only, i.e., evenly across the whole area of interest:

χ2 =
k∑

i=1

(Oi − Ei)
2

Ei
(1)

where k is the number of attribute categories, Oi are the observed windthrow frequencies and Ei
are the expected windthrow frequencies. For this purpose, we investigated whether the number of
windthrown plots was scattered randomly, in proportion to the size of a deliberate area, such as that
delineated by soil electrical resistivity values below and above a certain cut-off value. This cut-off

value was set at 400 Ohm·m, because the electrical resistivity of substrates that contain a considerable
amount of wettable clays, such as in claystone or clayey loams, usually vary within the 0–400 Ohm·m
range, according to data obtained by various authors. Thus, if the null hypothesis is rejected based on
the chi-square test, the alternative hypothesis is that the distribution of windthrown plots is affected by
some factor related to the cut-off value. Therefore, soil electrical resistivity (SER) could be considered
as a prominent explanatory variable that integrates the amount of soil stony fraction, clay content in
the soil and bedrock, as well as soil moisture.
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3. Results

The resistivity measurements at 0.5 m and 1 m were very similar and show that apparent resistivity
around plots with concentrated uprooted trees at the depth of 0.5–1 m is in the range of 0–500 Ohm·m
(Figure 2a,b). Two plots were characterized by resistivity values lower than 100 Ohm·m, indicating
higher clay content according to the profile description (Table 1). The resistivity values at the depth of
2 m, in general, decreased at all points with uprooted trees and were in the range of 0–200 Ohm·m
(Figure 2c).
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As can be seen from the individual 2D resistivity profiles (Figure 3), only one plot with concentrated
uprooted trees featured apparent resistivity values >1000 Ohm·m due to a shallow position of sandstone
clusters (Figure 3a). The apparent resistivity values measured on a contrasting point were uniformly
low across the whole profile (Figure 3b).
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Figure 3. Apparent resistivity distribution on individual plots with concentrated uprooted trees: (a) the
only plot with high resistivity, plot D6; (b) typical plot with low resistivity on plots with uprooted trees,
plot H6.

Low apparent resistivity values prevailed over the entire study area, especially at 2 m depth,
which may indicate increased clay and water content in the subsoil and parent material.

An ocular inspection of the overlap between the areas with low apparent resistivity and
windthrown trees was supported by the χ2 test (Table 2). Based on the evaluation of this result, we
rejected the null hypothesis that the windthrown spots were distributed according to the expected
frequencies, i.e., evenly over the whole area of interest. Instead, they were mainly concentrated over
approximately 50% of the area and their positions coincided with low soil electrical resistivity values
≤400 Ohm·m.

Table 2. Results of the chi-square test of independence of the windthrown plots occurrence on the soil
electrical resistivity spatial distribution.

Surface Area A (55.09% of the Total Area,
with Electrical Resistivity ≤400 Ohm·m)

Surface Area B (54.91% of the Total Area,
With Electrical Resistivity >400 Ohm·m)

Observed
frequencies 8 1

Expected
frequencies 4.96 4.04

Chi-square: 4.151; Degrees of freedom: 1; p-value: 0.041; Yates’ chi-square: 2.98; Yates’ p-value: 0.089.

With respect to their spatial arrangement, windthrown plots were concentrated within three
clusters coinciding with low soil electrical resistivity in different parts of the area of interest, featuring
various terrain relief forms. No further abrupt cut-off values with regard to soil electrical resistivity
were observed in the interval 0–400 Ohm·m, and the observed windthrow frequencies were relatively
evenly distributed over this range. There were six, five and two windthrown plots in areas with soil
electrical resistivity ≤300, ≤200 and ≤100 Ohm·m, respectively. A similar pattern was detected at a
depth of 0.5, 1 and 2 m, respectively.
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4. Discussion

The claystone layers in the flysch regions can contribute, during their weathering, to the creation
of less permeable or even impermeable layers for both tree roots and infiltrating water. In such cases,
penetration and growth of tree roots are constrained by growth-limiting bulk density, whose effect
varies with soil texture [21]; a perched water table may also form easily, especially during snowmelt
and intense rainfall events. Thus, impermeable layers can cause the uprooting of trees, mainly when
the soil is saturated. Similar windthrow and uprooting patterns of fir and beech in flysch regions were
found by Šamonil et al. [22] and Pawlik et al. [23].

Although European beech, as the most common tree species in the Carpathians, is able to grow
in various natural, soil and climatic conditions [24], it is sensitive to waterlogged conditions [25,26].
According to Dobson and Moffat [27], waterlogged soils result in poor gas exchange, which depletes the
soil of oxygen and leads to anaerobic conditions and subsequent root death. Such situations develop
due to the very low hydraulic conductivity of soils, especially those from flysch rock mass, such as in
Havešová (our study site). In these areas, rainfall infiltration is very slow [28]. Soils with permanently
high water tables typically cause trees to develop very shallow, widespread rooting systems. In such
localities, more intense rotting of beech roots was observed. In addition, in the presence of a high
groundwater level, the root systems do not form thick roots, which is an important factor for tree
static stability [29]. In addition, tree root growth is limited when bulk density approaches 1.4 and
1.55 g/cm3 for clayey and loamy soils [30], but these values may be lower or higher depending on
other factors [31]. Owing to the presence of claystones and their weathering products, the subsoil
bulk density in Havešová had a potential to impede the creation of a deeper root system in high-risk
areas featuring the lowest electrical resistivity. For example, coarse root (>10 cm) dieback on uprooted
trees was observed after the roots were exposed by the windstorm. In addition, the water level in the
resulting pits reached 0.5 m below the soil surface, where the clay content increased from 13.5% to
approximately 22%. Both factors diminished tree stability, mainly of large trees, during storms.

Thus, as expected, apparent resistivity did not exceed 200 Ohm·m at 0.5–1.0 m depth on plots
with concentrated uprooted trees. The resistivity values for clay have been up to 100 Ohm·m in
general [20], but also lower values of clay electrical resistivity were reported in previous studies, e.g.
20–40 Ohm·m [32] and 1–12 Ohm·m [33]. The apparent resistivity values measured in our study
site were higher than for the clay fraction only, because the parent material in Havešová consists of
interlaced layers of claystones and sandstone.

Based on our observations, we believe that soil electrical resistivity can help pinpoint sites with a
potentially higher risk of windthrow disturbance, in that low resistivity values indicate a higher clay
content, reducing soil permeability and promoting shallow groundwater formation. In connection with
reduced oxygen content, both factors lead to shallow root system formation. In this context, the use
of electrical resistivity tomography appears to be an effective tool for forest management. Using this
noninvasive and relatively rapid method, it is possible to perform a survey of soil properties directly
on the stands located in risk areas. The resulting information would enable a timely adjustment of
silvicultural interventions to avoid damage to forest stands or to minimize the risk of damage caused
by natural disturbance.

5. Conclusions

Our investigation was focused on the direct effect of forest soil properties on forest trees’ stability
and dieback in an old-growth natural European beech forest. The resistivity measurement showed
low resistivity values below 1 m depth on the individual plots where concentrated uprooted trees
were found. These low resistivity values were associated with increases in clay content as a product of
weathering of less stable claystone. The results of the direct measurement of apparent resistivity of soil
and bedrock and the χ2 test suggested that the spots affected by wind disturbance were not distributed
evenly over the whole study area but that they were mainly concentrated on the areas characterized by
low resistivity values. These low resistivity values reflected the microscale hydrophysical properties
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of the soil, such as soil skeleton, clay content and soil moisture. Therefore, noninvasive electrical
resistivity tomography could be considered as a useful predictive technique in the forest management
system and a tool to reduce the risk of natural hazards and disturbances. Based on the results and
conclusions of this study, additional measurements could be made with other geophysical methods
(e.g., electromagnetic induction), which would make it possible to predict the risk of unexpected
natural disturbances more quickly and on a larger scale.
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