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Abstract The effects of drought on tree mortality at forest
stands are not completely understood. For assessing their
water supply, knowledge of the small-scale distribution of
soil moisture as well as its temporal changes is a key issue
in an era of climate change. However, traditional methods
like taking soil samples or installing data loggers solely
collect parameters of a single point or of a small soil vol-
ume. Electrical resistivity tomography (ERT) is a suitable
method for monitoring soil moisture changes and has rarely
been used in forests. This method was applied at two forest
sites in Bavaria, Germany to obtain high-resolution data of
temporal soil moisture variations. Geoelectrical measure-
ments (2D and 3D) were conducted at both sites over several
years (2015-2018/2020) and compared with soil moisture
data (matric potential or volumetric water content) for the
monitoring plots. The greatest variations in resistivity val-
ues that highly correlate with soil moisture data were found
in the main rooting zone. Using the ERT data, temporal
trends could be tracked in several dimensions, such as the
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interannual increase in the depth of influence from drought
events and their duration, as well as rising resistivity val-
ues going along with decreasing soil moisture. The results
reveal that resistivity changes are a good proxy for seasonal
and interannual soil moisture variations. Therefore, 2D- and
3D-ERT are recommended as comparatively non-laborious
methods for small-spatial scale monitoring of soil moisture
changes in the main rooting zone and the underlying subsur-
face of forested sites. Higher spatial and temporal resolution
allows a better understanding of the water supply for trees,
especially in times of drought.

Keywords Geoelectrical monitoring - Forest ecology -
Hydrology - Soil water content

Introduction

As aresult of changing climate, many forest sites suffer from
drought stress because of limited plant-available water. Con-
sequently, many forest stands with an increased vulnerability
either directly collapse or are no longer resilient to further
sources of stress like insect infestations (Netherer et al.
2019). Sufficient plant-available water along with an ade-
quate nutrient supply, are critical for vital, stable, and well-
growing forest stands (Gracia et al. 1999; Mellert and Ewald
2014; Mellert et al. 2018). Despite their importance, the
effects of drought on forests are still not fully understood
(Etzold et al. 2014), especially when focused on small-scale
subsurface heterogeneities (Schuldt et al. 2020).

For assessing the water supply of trees, knowledge of
small-spatially distributed soil moisture, its availability and
its temporal changes is a key issue. Monitoring water availa-
bility for vegetation remains difficult due to limited access to
quantify soil moisture without disturbing the soil structure.
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For determining soil moisture content, there are traditional
methods such as time domain reflectometry (TDR) probes
(Evett 2003) or gravimetric methods (Van Reeuwijk 1992).
However, these methods only collect data from a single point
or from a small soil volume.

For this reason, electrical resistivity tomography (ERT)
can be an alternative or complementary method to obtain
information on soil moisture dynamics and its spatial dis-
tribution (Samouélian et al. 2005; Brunet et al. 2010). ERT
is a prominent method in geomorphology and soil science
for characterizing the subsurface, for example in identifying
sections with frozen ground (Kneisel et al. 2014, 2015) or
groundwater depth and contamination (White 1988; Ahmed
and Sulaiman 2001). It is also applied in geoengineering
for surveying the conditions of embankments (Ikard et al.
2014; Norooz et al. 2021), in characterization of contami-
nated sites, and for monitoring soil remediation techniques
(Nivorlis et al. 2019). Several studies have already shown
the potential of repeated resistivity measurements for track-
ing root-zone moisture distribution in precision farming
(e.g., Michot et al. 2003; Srayeddin and Doussan 2009).
Jayawickreme et al. (2008), Nijland et al. (2010), and Car-
riere et al. (2020) used ERT on forest sites and quantified
moisture content in the measured section of resistivity values
by applying physical properties of the subsurface in accord-
ance with Archie’s law (Archie 1942). Spatial anomalies are
also driven by heterogeneous soil physics. Consequently,
the derived values of ERT data should be treated with cau-
tion, especially regarding their spatial resolution. Therefore,
ERT has not often been used in temperate forests since the
field situations are quite complex and heterogeneous (due to
tree roots), resulting in weaker relations between soil mois-
ture and resistivity values compared to results from sites
with more homogeneous soils like croplands and grass-
lands (Seladji et al. 2010). There are rather lab experiments
under controlled conditions reporting very high correlations
between resistivity values and volumetric soil water content
(Werban et al. 2008; Hadzick et al. 2011). However, for a
better understanding of the causal relationship between soil
drought and the effects on stand vitality and growth, the
use of spatially high-resolution two- or even three-dimen-
sional models of soil moisture distribution offers valuable
and innovative potential, since it delivers additional spatial
insights into the interactions between the biosphere, hydro-
sphere, and atmosphere (Jayawickreme et al. 2008; Carriére
et al. 2020).

As a minimally-invasive method, ERT does not require
coring or other soil disturbances and can - depending on the
electrode spacing - provide information down to a depth of
several meters. Furthermore, measurements can be repeated
with constant settings (De Jong et al. 2020) that allows
the detection of changes in pedological properties of the
explored subsurface. The electrical resistivity is driven by
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several soil parameters such as physical properties (e.g., tex-
ture or porosity), organic content and moisture. If the physi-
cal parameters and organic content remain constant through
comparatively short observation periods (e.g., 5-10 years),
variations in resistivity between repeated measurements can
be attributed to soil moisture changes (Samouélian et al.
2005).

To investigate this relationship over several years, two
different forest sites in Lower Frankonia (Germany) with dif-
ferent lithologies were instrumented with geoelectrical mon-
itoring and soil moisture sensors. In this study, we aim to
evaluate weekly to monthly repeated ERT measurements as
a promising method to detect temporal soil moisture changes
by comparing the results to matric potential and volumetric
water content in the subsurface of temperate forests.

Material and methods
Study sites

The study was focused on two dry regions with different lith-
ologies and soil development in Lower Frankonia, a Bavar-
ian government district in Germany (Fig. 1). One of the sites
(WUE) was an existing forest monitoring plot in the “Gut-
tenberger Wald” of the Bavarian Institute of Forestry (LWF)
located in the southeastern cuesta region close to Wiirzburg
(49°43°N, 09°53’E; 330 m a.s.l.) which is one of the driest
forest sites in Bavaria. The WUE site is characterized by
Cambisol/Luvisol soils from the Lower Keuper Formation,
a subcontinental climate with mild winters, a mean annual
air temperature of 9.6 °C and a mean annual precipitation of
601 mm (reference period for Wiirzburg: 1981-2010; DWD
2021). The forest consists of a main stand with oak (Quercus
robur L.; approximately 105 years-old) as well as understory
consisting of hornbeam (Carpinus betulus L.) and European
beech (Fagus sylvatica L.).

The second study site is located in the “Unterhiibnerwald”
(UHW) in the Lower Main Plain close to Aschaffenburg
(49°59 ‘N, 09°1’E, 126 m a.s.1.) with Dystric Cambisol soils
from eolian/alluvial sands and gravels. This site is character-
ized by a temperate warm climate with a mean annual air
temperature of 10.0 °C and a precipitation of 648 mm (refer-
ence period for Schaaftheim/Schlierbach: 1981-2010; DWD
2021). It is a mixed forest stocked with Scots pine (Pinus
sylvestris L. approximately 140 years-old), European beech
(Fagus sylvatica; approximately 30 years-old) and Norway
Spruce (Picea abies L.; approximately 120 years-old).

Electrical resistivity tomography (ERT)

ERT is a minimally invasive method to measure the spatial
distribution of electrical resistivity in the subsurface. Since
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Fig. 1 Overview for the two study sites: a shows a sketch map of
the 3D-ERT grid at UHW is shown, whereas in b the locations of the
two study sites are marked on a digital elevation model (DEM 25 m,

different geomaterials like clay, sand, or rock, but also water
and air are each characterized by a specific electrical resis-
tivity, the method enables a delineation of different materi-
als. If the composition of the existing substrate/rock does not
temporally change, except for air and water content, changes
in electrical resistivity can be primarily attributed to these
changes. Therefore, ERT is well-suited to investigate small-
scale variations of water content in the subsurface on a spatial
and temporal scale.

To measure the electrical resistivity, several stainless-
steel pins, serving as electrodes, are placed in the topsoil at
a defined spacing along a horizontal transect line. All elec-
trodes are linked by a multi-core cable connected to a control
device. Out of at least four required electrodes, two (current
electrodes A & B) are used to inject a known current into the
ground, and the other two (potential electrodes M & N) allow
the measurement of the resulting potential difference within
the subsurface. Using Ohm’s law, an apparent resistivity can
be calculated via the known current (I), the measured potential
difference (AV) and a geometry-dependent correction factor
k (Eq. 1; e.g., Kneisel and Hauck 2008; Reynolds 2011). The
calculated apparent resistivity is the resistivity of a half-space
which produces the observed potential measured by a particu-
lar electrode geometry. The apparent resistivity is equal to the
specific resistivity of the explored subsurface only if it is char-
acterized by a uniform half-space (Reynolds 2011). The factor
k depends on the arrangement of the four electrodes (Kneisel
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LDBV 2021) of Lower Frankonia (Germany). The sketch map of
WUE is shown in c. The cover by tree crowns in a and c is not true
to scale

and Hauck 2008) and is calculated by the distance (spacing)
of four certain electrode combinations (Eq. 2; Reynolds 2011).

AV
Pa=k— (D

k=— 1 1 1 )

The electrode spacing defines the exploration depth,
i.e., the greater the spacing, the deeper the quadrupole
measured by the respective electrodes (cf. Fig. 2). Using
numerous electrodes connected to a multi-core cable
along a transect, several hundreds of quadrupoles can be
measured, delivering a 2D resistivity cross section—a so-
called pseudo-section—of the subsurface. Regarding the
arrangement of the current and potential electrodes, there
are different array types. The Wenner-Schlumberger and
the dipole—dipole array used in this study are shown in
Fig. 2. The Wenner-Schlumberger array is characterized
by good vertical and horizontal resolution as well as a
high signal-to-noise ratio. The dipole—dipole array is very
sensitive to lateral changes due to a higher point density,
especially in the near-surface area, but is characterized by
a lower signal-to-noise ratio and is therefore more sus-
ceptible to non-ideal conditions such as poor electrode
coupling (Loke 2004).
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Fig. 2 Schematic illustration of the ERT-measurement principle for one (top) and several quadrupoles (bottom) to capture resistivity data in the
subsurface of forest sites along a 2D-ERT transect line using a Wenner-Schlumberger (left) and a Dipole-Dipole Array (right)

At the WUE plot, a 2D-ERT transect was installed by
inserting 36 electrodes at 1-m spacing over 35 m. Along
this transect, there was a marked difference in the density
of adjacent trees, with a higher density in the first half (E1-
E14; Fig. 1) and lower density in the second (E15-E36).
Since May 2015, measurements with a Wenner-Schlum-
berger array were performed almost weekly, delivering
resistivity values with a total of 288 quadrupoles.

By changing the electrode arrangement from a single
line to a two-dimensional grid ensuring the same spacing
between every electrode, even more combinations (also
diagonal electrode arrays) are possible for resistivity meas-
urements, resulting in a 3D resistivity section of the explored
subsurface. This was applied at the UHW site and consisted
of 8 X9 electrodes at 1-m spacing, resulting in a 7 mX 8 m
grid. Due to the smaller and compact electrode arrangement,
a dipole—dipole array was used because of its higher sensi-
tivity to lateral changes. The respective array with a total of
750 quadrupoles was measured between December 2014 and
May 2018. Sites with the most homogeneous soil conditions
in both areas were selected as locations for the ERT profile
and grid.

ERT data was collected at both sites using the IRIS Syscal
Pro Switch & Syscal Junior resistivity imaging system. After
the measurement with 2—4 stacks (measurement replicates
per quadrupole), a quality check with a maximum of 5%
stack deviation was carried out according to Loke (2004).
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For interpreting spatial differences in resistivity values, the
raw 2D- and 3D-ERT data were inverted using the software
BERT v.2.3.0, according to Giinther et al. (2006) and Riicker
et al. (2006). In this course, pseudo-sections were derived
from resistivity values measured for each quadrupole by
solving the inverse problem to realize a visual illustration. A
robust inversion constraint was used, which produces sharp
boundaries between different areas of homogenous resis-
tivity distributions. During the iterative inversion process,
the program attempts to model a resistivity distribution that
can best explain the resistivity values in the subsurface. The
deviation of the modeled resistivity distribution from the
measured values is then expressed as a root-mean-square
(RMS) error. For better comparability, an additional time-
lapse inversion was carried out, visualizing the ratio of resis-
tivity change between selected measurement dates.

Owing to a high variance of resistivity values ending in
a non-normally distributed data collective per depth layer
at the study site UHW, the median was used instead of the
mean (cf. WUE) when averaged values were necessary for
further data processing (cf. correlation with pF value, time-
depth profile).

Derivation of meteorological data

To evaluate the resistivity measurements for their applica-
bility in detection of soil moisture changes, soil moisture
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content measured by the LWF was received for the study
period at the WUE site. The soil moisture content was meas-
ured every half-hour by TDR-probes at depths from 5 to
110 cm with a vertical spacing of 10 cm and one to five
replicates per depth. At the UHW site, a Tensiomark-Soil-
System (GeoPrecision GmbH) was installed for surveying
the soil matric potential hourly at 75 cm depth. Climate data
was also obtained from the nearest weather station of the
DWD (UHW: Schaatheim/Schlierbach; WUE: Wiirzburg).

Results and interpretation

The meteorological data of the two sites are of consider-
able importance for the interpretation of the temporal and
spatial changes in the geophysical data sets. Figure 3 pro-
vides an overview of the precipitation and soil moisture
development in the main rooting zone of the two sites over
the study period. With regard to the temporal precipita-
tion distribution, there is no clear rainy season. However,

a UHW

pF

seasonal changes become apparent through the soil moisture
variation, with the driest values (low water content; high pF
value) during the growing season compared to the entire
measurement period. The driest soil moisture values and
least precipitations were found during the growing season
in 2018 which was, together with 2015, one of the years
with the driest summer for forest sites in Europe/Germany
(Ionita et al. 2017; Schuldt et al. 2020). The data in Fig. 3
will be used for interpretation and discussion in the follow-
ing sections.

2D ERT (WUE)

The raw resistivity values from the 2D-ERT measurements
at WUE were between 20 and 270 Qm, in the range of the
specific resistivity of clay according to Reynolds (2011) and
Knodel et al. (2013). The two-dimensional profile at WUE
(Fig. 4) is characterized by a two-layered structure consisting
of an upper 1.5 m layer with seasonally fluctuating resistivity
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Fig. 4 Inverted resistivity models of seven ERT measurements at the
beginning of the hydrological half-years from 2017 to 2020 and the
respective resistivity change as ratios, calculated by division of the

values (15-300 Qm) and a second 1.5-4 m layer with more
constant values (40-100 Qm).

Figure 4 shows the seasonal changes of the resistivity
distribution in the subsurface along the profile. Between
the tomograms, preferably dated close to the beginning of a
hydrological half-year (November 1; May 1), there is always
a clear reduction or an increase of the resistivity values in
the subsurface. This is indicated by a timelapse ratio at the
right column of Fig. 4, with red model cells indicating an
increase in resistivity (drying) and blue showing a decrease
(wetting).

The constantly higher resistivity values in the uppermost
layer between E1 and E14 compared to the values from E15
to E36 (Fig. 4) can be explained by the higher stand density
at the side of the ERT-profile (cf. Fig. 1). This is due to

@ Springer

e -+

8 10 12 14 16 18 20 22 24 25 28 30 32 34

- - o+

Yy e S ey
14 16 18 20 22 24 25 28 30 32 3

0w 3 X
4 J

4 + ‘+— .

0 2 4 6 8 10 12 14 16 18 20 22 24 25 28 30 32 34

0T T R T T T T T T T

24

4 S ) e e———

0 2 4 6 8

10 12 14 16 18 20 22 24 25 28 30 32 34

2

44—, ———— 4 3
0 2 4 6 8 1012 14 16 18 20 22 24 25 28 30 32 34
Ow—r—v——-—wr T x 2

24

rg . ... 4@ e —
0 2 4 6 8 1012 14 16 18 20 22 24 25 28 30 32 34

Resistivity change [ratio T2/T1]

R, || —————

0.15 05 1 2 5 15

next (T2) by the previous timestep (T1); the investigation depth and
lateral length are in meters

the higher specific resistivity of tree roots (300-1200 Qm;
Bieker and Rust 2010) compared to clay, and a lower mois-
ture content due to increased water consumption in the
main rooting zone during the growing season in this half of
the pseudo-section. The underlying low-resistivity section
(> 1.5 m depth) may not be decisively influenced by the trees
like the above-mentioned model cells. Because of temporally
constant resistivity values, the deeper part in the middle of
the pseudo-section (Fig. 4: 18-24 m) may be shaped by the
presence of bedrock. In contrast to seasonally changing low-
resistivity values of the surrounding model blocks at the
same depths, this high-resistivity part in the middle seems
to be characterized by a lower water infiltration, resulting in
interannually rising resistivity values (constantly light red
section in the timelapse tomograms).
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Depth (m)

Fig. 5 Time series of the mean soil water content in the main root-
ing zone (<1 m) measured by the LWF and a time-depth profile for
means per layer of the 2D-ERT measurements at the WUE site. Dots

To make the short-term changes in resistivity visible for
all the measurement dates, Fig. 5 shows averaged values by
depth and measurement date as a time-depth profile with
hydrological half-years indicated.

As seen in Fig. 4, the upper layers vary considerably
more than the deeper layers and include both the lowest and
highest resistivity in the entire time-depth profile. Regard-
ing absolute values, the dark blue sections with a resistiv-
ity of <30 Qm correspond to moist clay or at least moist,
clay-rich soils (Reynolds 2011), and indicate the moist
periods, beginning in the middle of the hydrological winter
half years. This is shown by the rising soil water content
in the main rooting zone during winter and spring (Fig. 3).
In contrast, the upper layers are characterized by resistiv-
ity values > 65 Qm during some periods (in the range of
dry clay according to Reynolds 2011), which are associ-
ated with a drop of soil moisture in the effective root area.
These time sections are shaped by dry periods beginning
at the middle of the hydrological summer half-year. Con-
spicuous is the different time delay of the wetting and dry-
ing process in the soil along the upper three meters. While
moisture penetration progresses comparatively slowly and
continuously in winter, desiccation begins abruptly in the
upper three meters of the measurement profile in summer.
The seasonally changing resistivity is also detectable in the
deeper layers, but weakened (compared to the time-varying
resistivity values in the upper 3-m depth), which is possibly
related to another substrate and the presence of bedrock,

40

Mean soil water content in
20 the main rooting zone (%)
20

Resistivity (Ohm m)

75.00
65.00
55.00

45.00

35.00

25.00

indicate the measured data points. Intermediate values were interpo-
lated by the program Origin Pro 2017

respectively (cf. interpretation for Fig. 4 at that depth). How-
ever, dry periods also occurred in the deeper half of the
ERT-probing depth (3—6 m), especially in the last three years
(2018, 2019, 2020). Even if these depths are less relevant for
the direct water supply for trees, the temporally increasing
resistivity values, accompanied by an interannual decrease in
water content in the main rooting zone, should be still con-
sidered. This matches the results in the resistivity ratios in
Fig. 4, showing a stronger increase (up to factor 10) than the
decrease (up to factor 0.4) of resistivity to the next half-year,
which causes a cumulative long-term effect of desiccation.
In conclusion, the interannual strengthening of the drought
periods indicated by increasing resistivity values goes along
with a weakening of the moist periods along all depth levels.

Since the TDR-probes of the LWF detect soil moisture
only in the main rooting zone (<1 m), a direct correla-
tion was possible only between the mean of the upper two
data points of the ERT pseudo-sections (depths: 0.52 cm,
0.92 cm), and the average of all moisture probes for the
respective measurement day, presented as a regression
model in Fig. 6. However, the good correlation between the
means of these parameters underlines the above interpre-
tation of the resistivity data, considering inter- and intra-
seasonal changes of soil moisture.
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Fig. 6 Correlation of the mean resistivity and mean water content in
the main rooting zone (down to 1 m depth) per measurement date at
the WUE site
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3D ERT (UHW)

The ERT measurements at the UHW site delivered a 3D sub-
surface model (Fig. 7), which is also characterized by a two-
layered structure. Compared to the WUE site, the delineation
of the two layers is more distinct and the uppermost 2-m
layer is characterized by higher electrical resistivity than
the deeper layers (2—4 m). The resistivity values in the upper
layer vary between 500 and several tens of thousands Qm,
whereas the resistivity of the deeper layer remains more con-
stant below 500 Qm. This range in the upper layers seems
to be quite large, (compared to the range of resistivity val-
ues measured at the WUE site) but should be expected for
the eolian/alluvial sand and gravel substrates present with
varying moisture contents (cf. Reynolds 2011). A continu-
ous low-resistivity anomaly is conspicuous in the subsurface
(turquoise/blue cells) of the model, which corresponds to the
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Fig. 7 Inverted resistivity models of six 3D-ERT measurements of the UHW site at the beginning of the hydrological half-year from 2015 to
2018, and the respective resistivity change as ratios calculated by division of the next (T2) by the previous timestep (T1)
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location of a Scots pine (Figs. 1 and 7, y: 7m, x: 3 m) and a
Norway spruce (Figs. 1 and 7, y: 4 m, x: 2 m) within the grid.

The 3D-tomogramms in Fig. 7 also reveal the seasonal
change of the specific resistivity in the subsurface of the
grid. The 3D-ratio models (right column) highlight the
afore mentioned two layers with different patterns of resis-
tivity change, whereby the upper layer alternates seasonally
between an increase and a decrease of resistivity values. In
contrast, the deeper layer continuously showed a slightly
decreasing resistivity in sandy soil throughout the entire
period (ratio < 1). At the location of the trees within the grid,
the ratio between the different time steps remained unaf-
fected and reacts, considering the timestep ratio, similarly
to the resistivity values of neighboring cells.

Compared to the 2D-ERT results for the WUE site, the
time-depth profile for UHW (Fig. 8) shows the reversed ver-
tical pattern mentioned above with the highest resistivity
values in the upper 1.5 m (main rooting zone) and the lowest
in the deeper part of the exploration depth. The high-resistiv-
ity sections (red) in 2015 extend comparatively widely both
vertically and along the time span which is in line with the
severe drought in Germany/Europe during the 2015 growing
season (Ionita et al. 2017). This is supported by low rainfall
and continuously rising pF values (Figs. 3 and 8). However,
there were higher pF values in 2016 and 2017 but with high,
short-term fluctuation. Due to the high density of measure-
ment dates from June 2016 to July 2017, the unsteadiness
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pFin75cm
soil depth
|39
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Depth (m)

Fig. 8 Time series of the pF values measured by the Tensiomark
Soil-System at 75 cm depth and a time-depth profile for median per
layer of the 3D-ERT measurements at UHW. Dots indicate the meas-

1.5

1000 2000 3000 4000 5000 6000
Resistivity (Ohm m)

Fig. 9 Correlation of the apparent median resistivity at 69 cm depth
and the pF value at 75 cm depth per measurement date from June
2016 to July 2017 at UHW

of pF values can be confirmed based on ERT data for this
period. Figure 9 also shows a high correlation between the
pF value at 75 cm depth and the median resistivity of the
quadrupoles at 69 cm depth.

Discussion

Seasonal variations and interannual trends could be observed
considering temporal resistivity changes at both sites.
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ured data points. Intermediate values were interpolated by the pro-
gram Origin Pro 2017
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Half-yearly alternating drying, and wetting periods were
detected using ERT, which was verified by soil moisture
data from both study sites (Figs. 5 and 8). This pattern is
consistent with the seasonally fluctuating evapotranspira-
tion of temperate forests with a summer maximum and a
winter minimum (Oishi et al. 2010). However, the spatial
resistivity variations were opposed with respect to the verti-
cal gradient, i.e., the lowest resistivities in the clayey soil at
WUE were in the effective root zone (top half of the probing
depth), while they were found below the effective root zone
at UHW. This contrast is most likely due to the sand sub-
strate which has lower water retention and higher drainage
compared to clay. Plant available water during the humid
periods is directly retained by the clayey soil (WUE site)
during subsequent growing seasons with potential water
deficits. Due to the exceedingly high water storage capacity
of the topsoil, deeper layers do not receive any percolating
water. Over several years, the water stored in the upper half
of the exploration depth at WUE is successively used by
the trees during the growing season. Therefore, no seepage
water reaches the discharge horizons from the effective root
zone into the deeper layers due to the scarcity of plant avail-
able water. Consequently, the deeper layers are not affected
by seasonal or semi-annual fluctuations, but rather by the
water balance in the topsoil. At the sandy UHW site, the
situation is reversed, meaning that the topsoil stores a mini-
mum amount of water and most of it seeps directly through
the effective rooting zone in a very short time. The inter-
pretations above are also supported by the temporal ratios
of the 2D and 3D tomograms (Figs. 5 and 7). Accordingly,
they show seasonal fluctuations of the resistivities in the
near surface region (changing ratios between> 1 and < 1),
which are accompanied by seasonal fluctuating soil mois-
ture values (Figs. 4 and 6). In contrast, the deeper half of
the ERT-probing does not show changing ratios between
the respective half-years but an interannual trend, revealing
a different tendency. The continuous temporal increase in
resistivity per season is due to more severe and longer dry
periods, resulting in a cumulative effect of desiccation in
the deeper half of the subsurface at WUE and should have
careful attention in the future.

Spatial anomalies due to trees

The high-resistivity anomalies in the WUE main rooting
zone could be attributed to a higher tree density. In contrast,
Norway spruce and Scots pine in the 3D-grid of the UHW
site promoted low-resistivity model blocks compared to the
surrounding sections. This contradiction is due to the higher
resistivity ranges of sands compared to clay. Resistivity val-
ues of wood (300-1200 Qm) lie between those measured at
the WUE site (15-300 Qm) and the resistivity values from
the main rooting zone at UHW (500-60,000 Qm), which
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justifies the different relations. However, there are further
reasons for different resistivity values related to the pres-
ence of trees, like stem flow, promoting water supply close
to the roots. This phenomenon can be very high and var-
ies considerably, depending on species, crown geometry
and size (Taniguchi et al. 1996; Navar 2011), resulting in
high moisture values and consequently low resistivity val-
ues in the soil close to the trunk. Owing to its dependence
on precipitation, this part of the water supply occurs for
a short time and differs widely, depending on the season
(with or without leaves). However, this parameter can be
ignored in this study since only coarse barked trees (Scots
pine, red oak, Norway spruce), whose stemflow are low or
non-existent, formed the main stand. In contrast, seasonally
varying water uptake by trees reduces moisture close to the
trunk. This is shown by the high-resistivity sections in the
ERT-profile at the end of the growing season for the WUE
site (Fig. 4) characterized by a higher stand density. Since
mature deciduous forests can contribute to groundwater fluc-
tuations up to a depth of several meters due to their transpi-
ration (Mitscherlich 1971), such resistivity anomalies can
be attributed to different stand densities. Moreover, different
degrees of water uptake depending on species are also pos-
sible. When comparing Norway spruce (Figs. 1 and, y: 4 m,
x: 2 m) with Scots pine (Figs. 1 and 7, y: 7 m, x: 3 m) located
in the 3D grid of UHW site, there is always a stronger low-
resistivity anomaly around the pine than with the spruce,
especially during the growing season. This matches the gen-
erally lower water use of a mature Scots pine compared to
Norway spruce during the growing season (Schmidt-Vogt
1986). However, the situation is complicated by trees seg-
regating root exudates seasonally for nutrient mobilization
(Gerke 1992; Grayston et al.1997), thereby increasing the
electrolyte content of the soil and consequently decreasing
resistivity. Therefore, a quantitative assignment of certain
tree parameters to the measured resistivity anomalies was
not possible in this study. To investigate these anomalies
in more detail, models with a higher resolution would have
to be developed with the help of, for example, a smaller
electrode spacing. However, temporal changes in resistivity
values at the same location are still mainly driven by water
content, even if the site is covered by trees (see Fig. 6).

Resistivity vs. soil moisture

The strongest resistivity anomalies as well as temporal vari-
ations reach down to approximately 1.0 m and 1.5 m depths,
respectively, corresponding to the main rooting zones of
both forest sites. The temporal variation of the resistivity
values correlates well with the soil moisture changes down
to 1 m depth (Fig. 6). Since mean or median values from
single point measurements are also used in classical soil
moisture estimations or for hydrological modelling in forest
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ecology, calibration of the spatial resistivity model with the
help of the functional correlation obtained from mean soil
moisture values is considered permissible, at least for the
depth range considered in this process. However, this should
be verified or corrected using pedotransfer functions (e.g.,
Archie 1942), incorporating soil physical parameters. Since
the sole value of volumetric water content is not sufficient,
the estimation of the corresponding soil matric potential
would be another step towards a more accurate, two- or
three-dimensional high-resolution determination of plant-
available water in the effective rooting zone of trees. This
could finally allow an estimation of tree-available water for
determining critical time spans and even small-spatial soil
sections with a limited water supply. Such progress would
also be important in times of climate change, not least
because the effects of drought on forest ecosystems are not
fully understood due to small-scale heterogeneities (Etzold
et al. 2014; Schuldt et al. 2020).

Methodological approach

Due to the influence of soil temperature in the subsurface
(Hayley et al. 2010), a preliminary correction of the resistiv-
ity values would be necessary prior to quantitative deriva-
tions from resistivity data. Even though there is, according to
Ma et al. (2014), no significant correlation between soil tem-
perature and changing resistivity values in forest soils, the
moisture values estimated by the apparent resistivity without
a temperature correction would be overestimated in summer
and underestimated in winter, resulting in an insufficiently
stringent evaluation of the trees’ water supply. The fact that
the results presented here were not corrected for temperature
should be viewed critically, but this had no influence on our
relational-qualitative observations and statements. Since dry
seasons are characterized by high temperatures and wet peri-
ods are shaped by low temperatures in this region, the con-
trasts between these half-years (Figs. 5 and 8) would even
be intensified with a temperature correction of the resistivity
values. This is justified by the fact that rising temperatures in
the subsurface affect a lowering of its resistivity (Besson et
al. 2008; Reynolds 2011).

The electrode arrays selected were based on the respec-
tive site characteristics and the measurement set-up. At the
WUE site, the more stable, robust, and therefore better suited
for monitoring Wenner-Schlumberger array (Furmann et al.
2003; Loke 2004) was used. The data sets show high quality
and only low error values over the measurement period (cf.
Fig. 4). Individual data sets with larger errors were caused
exclusively by minor defects of the cable, which could be
limited to short periods by repair or replacement. The corre-
sponding data sets were sorted out before processing. At the
UHW site, the dipole—dipole array was used because of bet-
ter lateral resolution within the comparatively small grid to

better resolve the small-scale, three-dimensional variability
(cf. Loke 2004). Due to the poorer signal-to-noise ratio and
the higher susceptibility to poor ground coupling, the sandy
substrate with strongly fluctuating moisture values does not
seem to deliver the most suitable conditions for this type of
array at this site. This is also reflected in the higher errors
compared to the WUE site which, however, are still within
an acceptable range. Figure 7 further illustrates horizontal
imbalances. Despite generally visible chronological trends
given by the 3D-models, there are neighboring model cells
in blue and red delivering opposed ratios. Nevertheless, this
contrast should not be overrated since the fluffy sand takes
a wide span of resistivity values (Reynolds 2011), resulting
in big differences even for neighboring model cells. This
problem was also enhanced by the warm and very dry sum-
mer months when the sandy soil only allowed poor coupling
of the electrodes. Nevertheless, in comparative measure-
ments with the Wenner-Schlumberger array at this site, the
dipole—dipole array resolved the small-scale variabilities
significantly better and was therefore preferred at this site,
despite the slightly higher error values.

ERT in forest ecosystem monitoring and outlook

Based on our results, ERT offers great potential in moni-
toring soil moisture changes at forest sites and at a small
scale. As a minimally invasive geophysical method, ERT-
measurements do not disturb the soil system and are quickly
established. Sampling for estimating gravimetric water
content or for installing TDR-probes is considerably more
complicated, time-consuming, and costly. Furthermore, they
provide limited spatial and temporal resolution, which are
both offered by ERT monitoring. Figures 4, 5, 7 and 8 illus-
trate the importance of each additional dimension in resis-
tivity changes, like the interannual increase of the degree of
influence from dry periods and their duration as well as ris-
ing resistivity values as a result of decreasing soil moisture
driven by the forest stand itself. A higher spatial and tempo-
ral resolution in soil moisture distribution particularly offers
a better understanding of the water supply for trees in times
of dry growing seasons, which is becoming more important.

Nevertheless, for producing quantitative soil moisture
values from measured resistivity values (cf. Ma et al. 2014),
a site- related calibration with installed in-situ data loggers
must be done, and pedotransfer functions (e.g., Archie 1942)
should be applied. Soil conditions are to be assumed homog-
enous, which are rare in forests. The presence of stems and
roots is the main driver for this pedological inhomogeneity,
owing to their different specific resistivities compared to the
surrounding substrate. For this reason, the use of both meth-
ods (pedotransfer functions and data logger calibration) is
suggested for verifying the site-specific relationship between
absolute soil moisture and resistivity values.

@ Springer
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To provide evidence for plant-available soil water using
resistivity values, it is important to regard both absolute
water content and soil matric potential. Concerning forest
sites, different sensor distances to the nearest tree should
also be realized to ensure an additional view of the impact
of roots on the substrate, water content and soil temperature.
Such a combined consideration has not yet been addressed
in respective studies, which would be a minimum require-
ment for spatially estimating plant-available water on for-
est sites. The processing of resistivity data by pedotransfer
functions like Archie’s law (Archie 1942), should also be
supplied by wide-ranging physical soil data with probing
depths extended at least to the investigation depth of the
ERT-measurements. Therefore, drilling is unavoidable for
this purpose due to the deep probing depth of ERT-meas-
urements. Finally, a link to aboveground parameters, like
topography and stand parameters (e.g., leaf area index or
crown geometry), would deliver further information for veri-
fying and interpreting the subsurface data. A complete tree
mapping or even airborne or terrestrial laser scans would
provide a comprehensive basis for this.

Conclusions

Our results reveal that resistivity changes can be a good
proxy for seasonal and interannual soil moisture variations
in forest sites. 2D- and 3D-ERT are comparatively non-
laborious methods for tracking soil moisture changes in the
main rooting zone and the underlying subsurface. Contrary
to point measurements traditionally used in forest science, it
was possible to record multi-dimensional moisture changes
over various scales. These showed that even deeper subsur-
face areas may be important for long-term findings about
the water supply of forest sites, and have not been recorded
in classical forest monitoring so far. However, to make
quantitative statements about soil moisture, exclusive ERT
measurements are insufficient, since the calibration with pF,
water content and soil physics is necessary. Nevertheless,
this study represents a further step from the laboratory to the
field in the application of ERT for monitoring soil moisture
of forest sites.

This study also illustrates the importance of a multi-
dimensional survey approach for imaging seasonal and inter-
annual soil moisture variations in forest sites. ERT presents
an important opportunity to monitor long-term effects of
changing climate on vertical and horizontal patterns of soil
moisture changes and their impact on single trees.
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