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Shrubs, encompassing important ecosystem engineers in dryland environments,
have experienced mass mortality due to long-term droughts across the
northwestern Israeli Negev. This massive die-back, which has particularly
affected the predominant shrub species Noaea mucronata, predominates
edaphically homogeneous (low geodiversity) hillslopes, and is minor in
edaphically heterogeneous (high geodiversity) hillslopes. While the
homogeneous hillslopes encompass a thick and non-stony soil layer, the
heterogeneous hillslopes are composed of a thin, stony layer that overlies
weathered, chalky bedrock. The objective of this geophysical study was to
assess the subsurface and bedrock characteristics, and its effect on shrub
durability vs mass mortality in a dryland ecosystem. A combination of 2D and
3D Ground Penetrating Radar (GPR) imaging and Frequency Domain
Electromagnetics (FDEM) was applied. For the GPR procedure, the 2D and 3D
reflection imaging was dominated by different dielectric permittivities (dielectric
constants) of layers and changes in soil-rock-water content. For the FDEM
procedure, the soil-rock electrical properties, alongside the concentration of
dissolved salts, determined the measured electrical conductivity (EC). The
results show substantial differences in EC values between the homogeneous
and heterogeneous hillslopes, which are attributed to differences in the soil-rock
interface, soil-water content, and salts concentration. Overall, the much greater
EC values of the soil-rock interface in the heterogeneous hillslopes are expected
to adversely affect shrub vitality. However, the greater shrub vitality in these
hillslopes is likely attributed to the fractured and weathered chalky
underground, which retains moisture in pockets or micro-aquicludes that
increase water availability for the shrubs. Under these better habitat conditions
of the heterogeneous hillslopes, the high EC values do not limit shrub survival or
growth. At the same time, the absence of such water pockets in the thick soil layer
of the homogeneous hillslopes imposes severe stress under long-term drought
conditions, resulting in shrub die-off. This study illustrates the vital role of
subsurface geodiversity in determining the resilience of dryland ecosystems to
droughts and climatic change.

OPEN ACCESS

EDITED BY

Xander Wang,
University of Prince Edward Island,
Canada

REVIEWED BY

Karoly Nemeth,
Institute of Earth Physics and Space
Sciences, Hungary
Ning Chen,
Lanzhou University, China

*CORRESPONDENCE

Uri Basson,
ubasson@gmail.com

RECEIVED 26 February 2023
ACCEPTED 27 June 2023
PUBLISHED 14 July 2023

CITATION

Basson U, Argaman E, Yizhaq H, Xu C,
Xu Z and Stavi I (2023), Subsurface
geodiversity determines shrub resilience
vs. mortality under long-term droughts in
the Israeli Negev drylands.
Front. Environ. Sci. 11:1168104.
doi: 10.3389/fenvs.2023.1168104

COPYRIGHT

© 2023 Basson, Argaman, Yizhaq, Xu, Xu
and Stavi. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 14 July 2023
DOI 10.3389/fenvs.2023.1168104

https://www.frontiersin.org/articles/10.3389/fenvs.2023.1168104/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1168104/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1168104/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1168104/full
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1168104/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2023.1168104&domain=pdf&date_stamp=2023-07-14
mailto:ubasson@gmail.com
mailto:ubasson@gmail.com
https://doi.org/10.3389/fenvs.2023.1168104
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2023.1168104


KEYWORDS

climate change, geo-ecosystem functioning, soil quality, soil/rock-water availability,
subsurface features, underground properties

Introduction

Geodiversity—the natural heterogeneity of geological,
geomorphic, and soil characteristics—demonstrates the
complexity of natural systems (Gray, 2005). Measuring
geodiversity may be implemented qualitatively, quantitatively, or
using combined qualitative-quantitative methods. Through
regulating the ecosystem’s physical conditions, geodiversity affects
biodiversity, specifically plant diversity (Ibáñez et al., 2016; Crisp
et al., 2022). During the last decade, geodiversity has been
extensively studied in the context of ecosystem functions and
services (Summers et al., 2018). Specifically, close relationships
exist between geodiversity and hydrological connectivity (Calvo-
Cases et al., 2021), with consequent implications for water overland
flow and subsurface storage. Many studies have focused on relatively
large spatial scales spanning between hillslope and watershed scales
(e.g., Thomas, 2012; Alahuhta et al., 2019; Bétard and Peulvast, 2019;
dos Santos et al., 2019). Recently, many studies have focused on
comparatively small spatial scales, specifically on the vegetation-
patch and sub-patch scales (Stavi et al., 2018b; Stavi et al., 2019).
Among the geodiversity-related topics, an emphasis has been
recently given to the impact on resource availability under
resource-limited conditions, e.g., soil-water availability in
drylands (Stavi et al., 2018b; Stavi et al., 2021b).

Notably, the impact of geodiversity on vegetation’s resilience
under long-term and frequent droughts has been assessed,
demonstrating the potential effect of geodiversity in alleviating
plant-water stress (Stavi et al., 2018a; Stavi et al., 2021a).
Although this effect has not been empirically assessed, it was
suggested to be related to the ability of woody vegetation with
characteristic deep root systems to penetrate through fractured
rocks and reach comparatively deep soil-water (Stavi et al., 2019;
Stavi et al., 2021b). For example, such an effect was proposed for
several oak (Quercus) species under the hot and dry Mediterranean
climatic conditions in northern Israel (Herr et al., 2016) and in the
western United States (Hellmers et al., 1955; Davis, 1977; Hahm
et al., 2020). A recent study showed the extensive prevalence of rock-
water use by woody plants across the United States, with
predominance for arid, semi-arid, and Mediterranean climatic
regions (McCormick et al., 2021).

Since the turn of the 21st century, the semiarid northwestern
Negev of Israel—along with extensive areas of the southern
Levant—has faced a period of consecutive drought events
(EcoPeace Middle East, 2019). Following the severe drought of
2008–2009, the predominant shrub species, Noaea mucronata
(Forssk.) Asch. and Schweinf, experienced mass mortality
throughout the Sayeret Shaked Long Term Ecological Research
(LTER) Park (Shachak, 2011; Sher et al., 2012; Zaady et al.,
2012). However, recent studies reported that the response of this
shrub species to the stress conditions is site-specific and dependent
on landform type. In particular, these studies showed that the mass
mortality occurred in low-geodiversity (homogeneous) hillslopes
with a thick soil profile and no stoniness throughout the soil profile
(Stavi et al., 2021a; Stavi et al., 2021b). At the same time, this shrub

species has thrived in high-geodiversity (heterogeneous) hillslopes,
characterized by a highly-weathered bedrock layer overlain by a thin
layer of stony soil, and with a high cover of rock fragments on the
ground surface (Stavi et al., 2018a; Stavi et al., 2019; Stavi et al.,
2021a). Despite these recent observations, the specific mechanism
that enables these shrubs to thrive in the heterogeneous hillslopes is
still unclear.

The objective of this study was to explore this mechanism
through a three-dimensional detection of the subsurface
substance of homogeneous and heterogeneous hillslopes in
Sayeret Shaked LTER Park, using geophysical exploration
methods of Frequency Domain Electromagnetics (FDEM) and
Ground Penetrating Radar (GPR). In order to inspect subsurface
properties, an extensive geophysical, high-resolution and
multidimensional analysis of the subsurface was implemented
utilizing state-of-the-art imaging and geospatial mapping
methodologies. The exploration was conducted to determine
several factors - —a) soil-rock stratigraphic settings; b) the degree
and pattern of bedrock fracturing; c) the subsurface’s relative
volumetric soil-water content; and d) the subsurface’s relative
electrical conductivity (EC). Integrating FDEM and GPR
methods to assess subsurface geodiversity and its implications for
dryland ecosystems, as orthogonal complementary means, is a novel
approach. The study hypothesis was that shrub mortality in the
homogeneous hillslopes is due to severe stress conditions imposed
by the low soil-water availability, whereas shrubs in the
heterogeneous hillslopes reach deep-stored high-moisture pockets
(micro-aquicludes) through cracks and fractures in the highly
weathered underground rock layer.

Materials and methods

Regional settings

Sayeret Shaked Park (31°27′N, 34°65′E; 187 m. a.s.l.), spanning
~600 ha, is located in the semiarid northwestern Negev of Israel
(Figure 1). Mean daily temperatures in the coldest (January) and
warmest (July) months are 12°C and 26°C, respectively. Until the end
of the 20th century, the mean annual long-term precipitation was
200 mm (https://ims.gov.il/he/ClimateAtlas). Since then, it has
dropped to ~150 mm y-1, with high interannual variability
(Argaman et al., 2020). The region’s lithology comprises chalk of
the Eocene and Plio-Pleistocene eolianites (aeolian deposits). The
predominant soil is classified as loessial calcic xerosol, with a sandy
loam to loamy sand texture (Stavi et al., 2018; 2019; 2021b). The
native vegetation community comprises shrubs, herbaceous plants,
and geophytes. The predominant shrub species is N. mucronata,
with Helianthemum kahiricum Delile and Anabasis articulata
(Forssk.) Moq also being prevalent. In 1989, ~40 ha of the park
were declared as a LTER site and fenced to prevent livestock access
(Stavi et al., 2018a; Stavi et al., 2019; Argaman et al., 2020).

Mass mortality of N. mucronata shrubs across the region was
initially reported over a decade ago and was attributed to the

Frontiers in Environmental Science frontiersin.org02

Basson et al. 10.3389/fenvs.2023.1168104

https://ims.gov.il/he/ClimateAtlas
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1168104


long-term droughts since the turn of the century (Shachak, 2011;
Sher et al., 2012). Yet, a detailed survey of the LTER park revealed that
shrub mortality is confined to homogeneous hillslopes, i.e., hillslopes
with a homogeneous thick (>1 m) soil layer lacking stones in the soil
profile and on the ground surface. At the same time, negligible shrub
mortality was observed in heterogeneous hillslopes, i.e., hillslopes with a
thin (~0.1 m) soil layer overlaying a highly-weathered bedrock layer and
with a considerable (~30%) stoniness in the soil profile and on the
ground surface (Stavi et al., 2018a; Stavi et al., 2019; Stavi et al., 2021a).
Vegetation and soil data according to hillslope type are presented in
Table 1.

The utilized methods

The FDEM is a non-destructive remote sensing and active
geophysical method used for high-resolution “potential method”
characterization and mapping of shallow subsurface structures and
targets. The system’s functionality is primarily based on how the
electrical conductivities and magnetic susceptibilities of different
materials respond to changing magnetic fields. These fields,
generated by the system, induce eddy currents within the
materials (Figure 4). The GPR is a non-invasive “reflection”
geophysical method used for high-resolution imaging and
mapping of shallow subsurface structures (Basson et al., 1994;
Basson, 2000; Basson et al., 2002; Basson and Ginzburg, 2008;
Basson, 2020; Baruch et al., 2021; Basson, 2021; Lazar et al.,

2021). The method’s functionality is based on the differences in
electromagnetic properties of the subsurface materials and their
reactions to propagating EM waves (Ulriksen, 1982; Davis and
Annan, 1989). The GPR uses high-frequency EM waves to detect
changes in subsurface properties, including dielectric permittivity,
electric conductivity, and magnetic permeability. The GPR antennas
send and receive EM waves, recording the returning waves over a
selectable time window. These waves propagate at different
velocities, allowing the computation of depths and distances to
subsurface targets. Velocity analysis also forms the basis for
moisture content calculations (Basson, 2000) (see Supplementary
Appendixes I, II for additional information about the FDEM and
GPR thechnologies).

The FDEM and GPR methods were used in the study (Figures
2–4) as complementary methods that allow non-invasive
exploration of the subsurface. As such, the FDEM and GPR
techniques are used in many study areas, such as geology,
sedimentology, hydrology, environmental science, archaeology,
civil engineering, tectonics, and more (Davis and Annan, 1989;
Basson et al., 1994; Basson, 2000; Basson et al., 2002; Lazar et al.,
2021). The GPR method involves transmitting high-frequency
electromagnetic waves (EMW) into the ground to detect changes
in electromagnetic subsurface properties. These include dielectric
permittivity, electric conductivity, andmagnetic permeability, which
are a function of soil and rock materials, soil-water content, and
other subsurface features, which can be measured as a function of
location and depth (Figure 3). The FDEM method involves

FIGURE 1
(A) Map of Israel, showing the study site in red. (B) Close-up of the study site, showing the research plots (20 m × 20 m each).
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generating primary alternating magnetic fields that induce
alternating electrical eddy currents into the ground, resulting in
secondary magnetic fields due to interaction with the internal
ground (Figure 4). The relations between the alternating
magnetic fields are proportional to the subsurface/target electrical
conductivity and magnetic susceptibility. These methods have
become standard applicative tools used to investigate various
environmental and engineering issues (ASTM International,
2023a and its active standard replacement ASTM International,
2023b; ASTM International, 2023c). For more information and
references on these methods see Supplementary Appendixes I, II.
The measurements across Sayeret Shaked Park were conducted by
combining the FDEM and the GPR methods, as described by the
top-view shown in Figure 5. The penetration depths of the FDEM/
Gem-2 sensors are a function of their design, operating frequency,
and subsurface EM properties. In Table 2 we present the penetration
depth vs frequency for our study.

Description of technologies and
measurements setting

The geophysical exploration was planned based on the expected
lithology described by Stavi et al. (2018a), Stavi et al. (2019), Stavi
et al. (2021b). To cover a variety of depths and resolution capabilities
for imaging and mapping, we applied a wide range of frequencies
using two different GPR systems of MALÅ GeoScience AB

(Figure 3). This range allows near real-time sampling and hyper-
stacking, lowering the threshold of signal-to-noise ratio and broader
bandwidth, i.e., providing higher resolution. The Ground Explorer
(GX) has a medium-resolution of 750 MHz antennae, and the
Concrete Explorer (CX) has a high-resolution 2.3 GHz antenna,
allowing a clear differentiation between soil horizons. The imaging
parameters, settings, and average EMW velocities of the
measurements used (on 5 April 2021) in this study are described
in Table 3.

The particular combination of the two different frequencies/
GPR systems used in this study allowed us to utilize a two-resolution
approach, with a) medium-resolution high-clarity 2D imaging using
the HDR GPR GX-750 MHz to an average depth of ~1.4 m over a
relatively wide area of 5 m × 3 m, and b) high-resolution 3D imaging
using the GPR CX-2.3 GHz to an average depth of ~0.3 m over an
area of 0.8 m × 0.8 m (Figures 4, 6). The GPR measurements of soil-
water content of the homogeneous hillslopes were based on the
velocity analysis results, as well as on the soil texture data. Dielectric
permittivities of the soil were computed from the measured
velocities of the EMW, with a constraint for the driest layer near
the surface and additional moisture-content levels that were
computed for the relevant velocities.

In addition to the GPRmeasurements, a multi-frequency FDEM
Gem-2 survey was carried out using a Geophex GEM-2 system, with
a scanning depth of several meters, and the ability to simultaneously
transmit and record five frequencies corresponding to five
penetration depths (Table 2; Figures 2, 4). The electromagnetic

TABLE 1 Vegetal and physical properties according to hillslope type.

Hillslope type Heterogeneous Homogeneous

Shrubby vegetation Alive Dead Total Alive Dead Total

Noaea mucronata 12.1 (1.8) 0.8 (0.2) 12.9 (1.7) 0.3 (0.2) 5.3 (0.8) 5.6 (0.6)

Deverra tortuosa 0.3 (0.1) NA 0.3 (0.1) 1.9 (1.6) NA 1.9 (1.6)

Helianthemum kahiricum 7.8 (2.3) 0.6 (0.2) 8.4 (2.3) NA NA NA

Echinops polyceras 1.5 (0.6) NA 1.5 (0.6) NA NA NA

Anabasis articulata 2.5 (1.7) NA 2.5 (1.7) NA NA NA

Phagnalon rupestre 0.7 (0.3) NA 0.7 (0.3) NA NA NA

Total shrubby vegetation 24.9 (4.0) 1.4 (0.2) 26.3 (4.1) 2.2 (1.8) 5.3 (0.8) 7.5 (1.1)

Physical properties Total Total

Partially-embedded rock fragments 18.9 (1.1) NA

Resting rock fragments 4.2 (0.7) NA

Total rock fragments 23.1 (1.6) NA

Exposed soil 18.8 (1.2) NA

Faunal perturbation 1.4 (0.8) NA

Geophytes 0.7 (0.3) NA

Herbaceous vegetation 29.7 (2.0) 92.5 (1.1)

Total cover (%) 123.1 (7.4) 100.0 (0.0)

Notes: NA, not available. Numbers within parentheses are standard errors of the means. Total cover (in the heterogeneous hillslopes) is >100% due to the line-point intercept method of the

transect survey, allowing documentation of more than one layer in the same spot. Modified from Stavi et al. (2018a).
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FIGURE 2
HDR GPR GX-750 MHz system (A, B); GPR CX-2.3 GHz (C) and FDEM Gem-2 system (D).

FIGURE 3
GPR imaging-measurements scheme: Cross-section View of GX-750 MHz (A) and CX-2.3 GHz (B) GPR Systems. The beams of the transmitter
antenna (Tx) and the receiver antenna (Rx) overlap to create the area of detection which is a function of the wavelength, dielectric constant of the
subsurface, and the depth of penetration. Note the differences in the depths and sizes of the beams between the two frequencies. The dimensions are
typical to the results of our study.
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system was held in a horizontal-dipole position to reduce
penetration since the target was to assess the shallow subsurface
at higher resolution; the depth was calculated using Eq. 10
(Supplementary Appendix II), based on our previous knowledge
of the study area with adaptations for the subsurface model. The
continuous subsurface scanning ensured similar conditions for all
lines/locations. The sensor height above the surface was 1 m,
corresponding to an average surface swath width of about 1 m
from the surface. The HDR-GPR and FDEM subsurface scanning
path was predefined by ground control points, registered by a
differential GPS, with a spatial accuracy of ~1.0 cm. Samples
were collected at intervals of 25 Hz along the predefined
pathlines by walking with the instrument at ~ 2.5 km/h (±0.5 m/
s), resulting in an average of 50 measurements per meter profile
length.

The FDEM data were filtered using a nonlinear filter to
remove spikes and random/ambient noise. A spatial bandpass
filter was applied for antialiasing. Based on the halfspace layered
model, a normalized weighted algorithm was computed to create
an inversion of the frequency interval for every two consecutive
frequency pairs. The result is a series of EC maps integrating all
EC data of a specific depth range between two frequency pairs
(Figure 4; Table 2). The selected algorithm is the proprietorship
of GeoSense Ltd. In this paper, we present the analysis of the
highest frequency, i.e., 62,525 Hz, which was used to measure the
top meter of interest.

The integration of GPR and FDEM allowed us to assess the
subsurface using two independent but complementary methods and
explore various electromagnetic properties that enlarge the
geophysical perspective. The FDEM enabled the spatial imaging
of EC levels to a depth-range of 0.8–1.7 m, as a function of the
electrical properties of the soil-rock layers and the concentration of
dissolved salts, mainly sodium chloride (NaCl) and potassium
chloride (KCl) in both hillslope types, and dissolved calcium
carbonate (CaCO3) in the heterogeneous hillslopes. The GPR
allowed us to conduct 2D and 3D imaging dominated by the
differences and variations in EMW propagation velocities and
dielectric permittivities, distinguishing interfaces and changes in
volumetric soil-water and rock-water content down to a depth
of 1.4 m.

Results

GPR imaging

The results of the medium-resolution GX-750 MHz HDR-GPR
imaging are presented in Figures 6, 7. Two-dimensional wide-view
GPR profiles of homogeneous vs heterogeneous plots are presented
in Figure 6 for depth-ranges of 0.0–1.2 m and 0.0–1.4 m,
respectively. The homogeneous sections reveal relatively
continuous and uniform reflections and returns, indicating

FIGURE 4
Multiple frequency FDEM Gem-2 Sounding scheme, reaching different depths of penetration: bulk EC integral from the surface to the penetration
depth of the eddy currents at a certain frequency (modified from Arcone, 1981). The dimensions are typical to the results of our study.
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relatively uniform soil texture and water content throughout the
layer. The soil-water content may override granular and soil-
structural changes. At the same time, the heterogeneous sections
are discontinuous and comprised of fractured/weathered chalky
bedrock covered with a thin soil layer (~10 cm thickness).

Due to the different soil-rock propagation velocities of the GPR
waves, the two hillslope types yielded two different depths per the same
time-range (24 ns). The velocities of the EMWwere measured from the
various GPR profiles by analyzing diffractions—which are hyperbolic
features in the images (for details concerning the velocity analysis

FIGURE 5
The top-view of 2D-3D GPR and FDEM imaging scheme of a characteristic measurement procedure plot in the Sayeret Shaked site. The black lines
represent the Gem-2 FDEM profiles, the green lines represent the HDR GPR GX-750 MHz profiles, and the blue grid in the center represents the 3D GPR
CX-2.3 GHz profiles.

TABLE 2 FDEM’s frequency (Hz) for effective penetration depth (m), with transmission frequencies utilized in this study, and the effective penetration depth.
Values were calculated using Eqs 3, 4 and further explained in Supplementary Appendix I, with the adaptation for the horizontal dipole setting.

Penetration depth [m] (vertical dipole setting) for EC range of 30–140 mS/m

EC [mS/m] 130 85 40

Frequency [Hz] Minima Minimum Average Maximum Maxima

725 2.5 2.8 3.5 4.2 5.0

2,225 1.9 2.1 2.6 3.2 3.8

6,725 1.4 1.6 2.0 2.4 2.9

20,525 1.1 1.2 1.5 1.8 2.2

62,525 0.8 0.9 1.1 1.4 1.7
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process, see: Basson, 1992; Shamir et al., 2018)—yielded the following
results: an average velocity of 0.08 m/ns (±5%) for the homogeneous,
soily subsurface vs an average of 0.10 m/ns (±4%) for the
heterogeneous, rocky subsurface. Higher average EMW velocity
measured within a soil or rock layer indicates lower water content,
while the lower average velocity of the same substance indicates higher
water content. The different soil-rock velocities determine penetration
depths per time range; penetration depth was ~1.10 m in the
homogeneous subsurface and ~1.35 m in the heterogeneous subsurface.

The moisture content of subsurface soil layers was measured using
HDR-GPR, ranging between 3% and 12%, which depended mainly on
depth. The soil-water content in the heterogeneous chalky hillslopes
varied between 7% and 9%, which encompasses a relatively narrow
range. The accuracy of the water-content measurements is ±2%.

A detailed comparison between the two hillslope types
(homogeneous at the top; heterogeneous at the bottom) is presented
in Figure 7, using two GX-750MHz HDR GPR data processing
procedures: the left images, with lower resolution, are more sensitive
to absence of water in soil (note the stretch of the primary wavelength
from ~0.55 m downwards as a result of this effect) (Basson, 1992;
Shamir et al., 2018). The higher-resolution images on the right enhance
the continuity of reflectors because of the low sensitivity to the irregular
water content. The effective depth per 30 ns of the presented two-way
time range is ~1.25 m. The right top image enhances the continuity of
reflectors, representing a relatively massive layer of chalky bedrock to a
depth of 1.25 m at the heterogeneous hillslope sections. The effective
depth per the present 30 ns two-way time range of the heterogeneous
subsurface is ~1.55 m.

TABLE 3 The GPR and FDEM imaging parameters, settings, and the measured average EMW velocities for our study.

Geophysical system HDR GPR GX-750 GPR CX-2.3 FDEM Gem-2

Center frequency 750 MHz 2.3 GHz 62,525 Hz

Sampling frequency 9.600 GHz 35.530 GHz 25 Hz

Step interval (m) 0.02 0.005 0.05

Time window (ns) 35 9 -

Stack auto, typically ≥64 16 3

Average penetration depth range (m) 1.3–1.6 0.2–0.3 0.9–1.4

EMW velocity (soil: m/ns) 0.075–0.095 (±0.005) 0.080–0.095 (±0.005) -

EMW velocity (rock: m/ns) 0.095–0.115 (±0.005) 0.100–0.115 (±0.005) -

FIGURE 6
A 2D reflection image using the HDR GPR GX-750 MHz of homogeneous vs heterogeneous subsurface: top—homogeneous hillslope #3;
bottom—heterogeneous hillslope #1. The left vertical axis shows the two-way travel time of the returning signals, and the right vertical axis shows the
depths of returns. The pallet scale presents the amplitudes and the phases of returned signals. Selected diffractions and hyperbolic features used for the
velocity analysis are marked with black rectangles. Note the two different depths per the same time range due to the different soil-rock velocities.
The soil-water content of the subsurface section, which was measured using the HDR-GPR, ranged between 4% and 10%.
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The results of the high-resolution CX-2.3 GHz GPR imaging
of a very shallow part of the section (depth range of
~0.05–0.15 m) are presented in Figure 8. Three-dimensional
depth slices and cross-sections at a depth of 0.05 m are
presented for homogeneous vs heterogeneous subsurfaces.
Similar to the color palette of Figures 6, 7, the strength and
the phase of the EMW returns are represented by the strength of
the red-blue colors. The homogeneous section is relatively
continuous, while the heterogeneous one is discontinuous,
starting at the top layer (0.05–0.15 m), and indicating the
underlying fractured and weathered bedrock.

FDEM imaging

The shallowest FDEM measurements show EC variations
between and within hillslope type. The average penetration depth
varies from 0.8 m for the highest measured EC and 1.7 m for the
lowest (Table 2). The EC imaging of homogeneous and
heterogeneous hillslopes using the FDEM Gem-2 system
(conducted at 62,525 Hz, horizontal mode) is presented in
Figure 9. Substantial differences in EC were found between the
homogeneous (the lower EC scale ~51–63 mS/m) and
heterogeneous hillslopes (the medium-to-high part of the EC

FIGURE 7
GX-750 MHz HDR GPR profiles of homogeneous (A, B) and heterogeneous (C, D) hillslope sections in two data processing procedures: the left
images present higher sensitivity to the absence of soil-water. The right images present a higher resolution that enhances the continuity of the reflectors.
In both images, black lines represented major cracks in the subsurface. In both images, the homogeneous section appears relatively continuous with
horizontal layers. Note the effective depth per the present 30 ns two-way time range of the heterogeneous subsurface is ~1.55 m while that of the
homogeneous subsurface is ~1.25 m.
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scale ~75–119 mS/m). Also, differences were found among the three
heterogeneous hillslopes, as clearly seen in Figure 9. It should be
noted that the results reflect the average EC of the entire column
underneath the device.

Discussion

This geophysical study is a pioneer in exploring the subsurface
characteristics to assess geodiversity in dryland ecosystems, using a
unique complementary combination of 2D and 3D GPR and FDEM
methods. The GPR methods yielded 2D and 3D reflection images

dominated by the differences and variations in dielectric
permittivities, with differentiating layers and significant changes in
soil-water content, which corresponds with the findings of Brevik
et al. (2006). The top ~1.0–1.4 m were spatially imaged using the
GX-750MHz HDR GPR system, providing reflections that enable us
to observe through soil-rock boundaries and layer interfaces, alongside
variations in soil-water content. Specifically, it enabled to detect and
image of the fractured and weathered bedrock. The high-resolution CX-
2.3 GHz GPR imaging at the center areas allowed us to detect and
observe 3D differences between the homogeneous and heterogeneous
hillslopes in high resolution and assess the degree of micro-cracking in
the bedrock.

FIGURE 8
High-resolution CX-2.3 GHzGPR imaging of the homogeneous 3 (top) and the heterogeneous 3 (bottom) hillslopes. (A): Depth plane-slice view of a
0.8 m × 0.8 m plot at a depth of 0.10 m. (B): profile along y = 0.40 m. As shown by the depth slice and the profile, homogeneous hillslope #3 comprises
typically non-stony, silty soil. Note that these images are valid for a centimeter scale. The backslope of heterogeneous hillslope #3 enhances the fracture
visibility of the uppermost ~0.15 m. (C): Depth plane-slice viewof a 0.8m×0.8 mplot at a depth of 0.05 m. (D): profile along y = 0.40 m. As shown at
the depth slice and the profile, heterogeneous hillslope #3 comprises typically fractured chalk bedrock; major shallow cracks are marked in black. The
CX-2.3 GHz GPR images show that the bedrock is only several centimeters below the surface in most of the heterogeneous hillslopes.
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FIGURE 9
EC imaging of homogeneous and heterogeneous hillslopes using the Gem-2 FDEM system. The imaging was conducted using 62,525 Hz data
(horizontal mode). The EC scales of the two zones are equal. The scale and north arrow are the same for both sites. The results show that EC is relatively
uniform throughout the homogeneous hillslopes, i.e., variations of about 12 mS/m to an average depth range of ~1.3–1.5 m. At the same time, bothwithin
and among the heterogeneous hillslopes, variations in EC were almost four times greater, i.e., 44 mS/m in a depth range of 0.7–1.2 m,
demonstrating the substantial variability of the heterogeneous hillslopes’ landform. Also, greater EC variations of 64 mS/m in total can be seen between
the higher conductive areas at the heterogeneous hillslopes and the pathways connecting the hillslopes. The accuracy of average EC level values
presented in the FDEM images is ±5.0 mS/m.
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Simultaneously, the FDEM method provided a complete 3D
imaging of the sites’ apparent EC between a depth range of
0.8–1.7 m. The measured EC levels of the homogeneous and
heterogeneous hillslopes were substantially different, and fit the
results obtained in a recent study (Stavi et al., 2019). It appears that
these differences, which are considerably greater than expected, are
affected by the combination of two main parameters: 1) intrinsic EC
of the soil-rock interface, and 2) the concentration of dissolved salts,
mainly NaCl and KCl, and possibly dissolved CaCO3 at the
carbonatic heterogeneous hillslopes, which act as electrolytes that
highly increase the total EC.

The substantial differences in EC values between the
homogeneous and heterogeneous hillslopes are due to different
properties of the soil-rock interface, alongside differences in soil-
water and salt contents and their intrinsic ability to retain water
remnants. In semiarid and arid areas, since soil-water is far from
saturation, the ground salts are generally in the form of solids,
i.e., act as isolators for electrical currents. When the soil-water
content increases, it dissolves the salts, transforming the soil-
water into an electrolyte. Therefore, higher soil-water is
represented by higher EC. An important insight of this study is
that in the heterogeneous hillslopes, the shrubs thrive despite the
high salinity when coupled with high-moisture pockets or micro-
aquicludes in the fractured bedrock, which alleviate the risk imposed
by the comparatively high salinity conditions (Stavi et al., 2018a;
Stavi et al., 2019). This accords with the study hypothesis and fits
results obtained in previous studies that showed high cover, vitality,
richness, and diversity of shrubs in the heterogeneous hillslopes, as
opposed to low values of these vegetative parameters coupled with
high die-off rates of shrubs in the homogeneous hillslopes (Stavi
et al., 2018a; Stavi et al., 2019; Stavi et al., 2021a; Stavi et al., 2021b).
As such, this study complements an important knowledge gap
regarding the mechanism that regulates the vitality of shrubs in
this environment under severe drought episodes. To some extent,
this also accords with McCormick et al. (2021), who proposed that
the availability of bedrock-water storage may be key in predicting
large-scale dynamics of woody vegetation under climate change. The
forecasted climatic change, with increasing aridity and expansion of
dryland areas (Huang et al., 2016), makes the insights of this study
relevant for other parts of the world.

Conclusion

Geophysical exploration in a semiarid LTER in the northwestern
Negev drylands reveals the differences in the subsurface of two
hillslope types: homogeneous hillslopes with continuous silty loam
layers vs heterogeneous hillslopes with fractured and weathered
chalky bedrock. The soil-water content of the heterogenous
hillslopes was much greater than that in the homogeneous
hillslopes. This difference can be explained by the high-moisture
pockets or micro-aquicludes found in the heterogenous hillslopes,
which enable shrubs to survive and thrive under long-term drought
episodes. At the same time, the absence of such pockets in the
homogeneous hillslopes leads to shrub die-off when climatic
conditions change abruptly. Further, the higher soil-water
availability in the heterogenous hillslopes seems to mitigate the
stress imposed by the relatively high soil salinity conditions.
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