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Abstract 

Studying the forest subsurface is a challenge because of its heterogeneous nature and difficult access. 

Traditional approaches used by ecologists to characterize the subsurface have a low spatial 

representativity. This review article illustrates how geophysical techniques can and have been used to 

get new insights into forest ecology. Near-surface geophysics offers a wide range of methods to 

characterize the spatial and temporal variability of subsurface properties in a non-destructive and 

integrative way, each with its own advantages and disadvantages. These techniques can be used alone 

or combined to take advantage of their complementarity. Our review led us to define three topics how 

near-surface geophysics can support forest ecology studies: 1) detection of root systems, 2) monitoring 

of water quantity and dynamics, and 3) characterisation of spatial heterogeneity in subsurface 

properties at the stand level. The number of forest ecology studies using near-surface geophysics is 

increasing and this multidisciplinary approach opens new opportunities and perspectives for improving 

quantitative assessment of biophysical properties and exploring forest response to the environment 

and adaptation to climate change.  

1. Introduction 

Forests cover almost one third of the Earth's land area and are central in the carbon and water cycles. 

They form a major atmospheric carbon sink by storing about 25% of the annual anthropogenic CO2 

emissions (e.g., Friedlingstein et al., 2019). Forests also play an important role in the distribution of 

precipitation and continental water dynamics (e.g., Ellison et al., 2017). Transpiration accounts for 

about 60% of terrestrial evapotranspiration, the most important component of the water cycle, and 

the fraction is higher in forests (e.g., Schlesinger and Jasechko, 2014). Soil water availability is one of 

the most important factors regulating transpiration, biomass production and plant species distribution 

in ecosystems (e.g., Mathys et al., 2014; Rambal et al., 2003); however, recent work also suggests that 

woody plants are able to mobilize water stored deeper into the bedrock through pores and fractures, 

the so-called “rock moisture” (e.g., McCormick et al., 2021). The carbon and water cycles are closely 

linked and so understanding the functioning and evolution of forest environments and their relation 

to subsurface structure and water availability is essential to improve understanding of the water cycle 

under a changing climate. An increase of drought frequency and severity is observed in many regions, 

over most of Africa, Americas, southern Europe, the Middle East, Australia and Southeast Asia (e.g., 

Dai, 2013). Drought events strongly affect the biomass production and consequently carbon 

sequestration within forests (e.g., Fan et al., 2023; Liu et al., 2022).  

 

We define the “forest subsurface” as the crucial compartment composed of soil and the weathered 

bedrock underneath, where water and roots activity are most important (from the surface to about 

<10 m depth). The forest subsurface is difficult to characterize due to high heterogeneity and rock 

fraction. Most of the methods classically used to study the subsurface of forest ecosystems are 

invasive, destructive, and provide a limited spatial representation (often measures at a point in space), 

such as soil pits, soil and root cores, excavation studies (e.g., Niiyama et al., 2010; Park et al., 2007), or 

soil moisture probes (e.g., Robock et al., 2000). More integrative methods that can support or extend 

these conventional methods non-destructively and allow spatially (e.g., at the stand level) and 

temporally (e.g., seasonal, annual) extensive monitoring would help to quantify subsurface 

heterogeneity as well as changes in soil and rock moisture over larger scales. 
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Near-surface geophysics (usually up to tens of metres depth) offers a wide range of methods to 

characterize the subsurface and associated processes that occur in the critical zone, which is defined 

from the top of the canopy to the bottom of groundwater (e.g., Banwart et al., 2013; National Research 

Council (NRC), 2001; Parsekian et al., 2015). These methods estimated different physical properties, 

such as density, resistivity or seismic velocities, in an active or passive manner (Table 1). Initially, 

geophysical exploration methods were largely developed for mining and petroleum prospecting, which 

include investigations up to a kilometre in depth with low resolution varying according to the depth, 

ranging from ten to a hundred metres (e.g., Dobrin and Van Nostrand, 1956; Hatherly, 2013). More 

recently, geophysics has been used to explore water-related issues at shallower investigation depths 

(a few metres to a hundred metres) with better resolution (meter to decimeter), leading to the field 

of hydrogeophysics (e.g., Auken et al., 2009; Binley et al., 2015; Chen, 2022; Guérin, 2005; Hermans et 

al., 2022; Hubbard and Linde, 2005; Robinson et al., 2008). Hydrogeophysics encompasses studies that 

use geophysical methods to characterize hydrologic systems including complex aquifer reservoirs such 

as karst (e.g., Chalikakis et al., 2011), hydrodynamic properties of aquifers (e.g., Vouillamoz et al., 

2012), groundwater flow (e.g., Jougnot et al., 2020; Revil and Jardani, 2013), and water dynamics in 

soils (e.g., D. Robinson et al., 2008). Additionally, challenges associated to agronomy have been 

explored, including the characterization of hydrodynamic properties of agricultural soils (e.g., Besson 

et al., 2010; Doussan and Ruy, 2009), water use by crops (e.g., Michot et al., 2003; Srayeddin and 

Doussan, 2009), soil heterogeneity (e.g., Séger et al., 2014), soil depth (e.g., Doolittle et al., 1994), or 

for the study of other properties such as porosity, density, clay content or salinity (e.g., Romero‐Ruiz 

et al., 2018). The operational goal of these studies is to use geophysics for agricultural planning and 

management (e.g., Allred et al., 2008; Samouëlian et al., 2005) and agrogeophysics is becoming 

recognized as an independent discipline (e.g., Garré et al., 2021).  

 

More recently, geophysicists have become interested in the study of the forest subsurface while 

ecologists have shown interest in geophysical methods to better understand these complex and 

heterogeneous environments (e.g., Jayawickreme et al., 2014). Both want to determine the structure 

and composition below the Earth’s surface (e.g., Bréchet et al., 2012; Fäth et al., 2022; Yan et al., 2013) 

and to characterise the properties and water dynamics that occur there in relation to the vegetation 

(e.g., Carrière et al., 2021b; Dick et al., 2018; Voytek et al., 2019). Imaging methods are not limited to 

the subsurface characterisation and are also used to image tree trunks (see the Supplementary 

Material), understand the anatomical structure of trees (e.g., Al Hagrey, 2007) and their health status 

(e.g., Goh et al., 2018; Martin et al., 2021), as well as exploring connections in the soil-plant-

atmosphere continuum (e.g., Gibert et al., 2006; Harmon et al., 2021; Mares et al., 2016).  

 

In this article, we propose to review the growing interest in the use of near-surface geophysics to 

explore issues in forest ecology as illustrated in Fig. 1. This review article will only focus on the study 

of the forest subsurface and make a small aside in supplementary material on the study of tree trunks. 

The first part of this paper summarizes the geophysical methods primarily used in forested systems, 

their principles, and their implementation to forest systems. The second part is devoted to state-of-

the-art geophysical applications organized around three forest ecology issues: 1) detection of root 

systems, 2) monitoring of water quantity and dynamics, and 3) characterisation of spatial 

heterogeneity in subsurface properties at the stand level. 
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Figure 1:  Evolution of the published papers number using near-surface geophysics in forests or on isolated trees 

to study forest ecology issues. Articles in this graph are mentioned in the second part "Geophysical applications 

for forest ecology" of this review. The initial keywords used in Google scholar to identify the articles were "forest 

ecology" and "geophysics" and then the different names of the geophysical methods. The articles were classified 

according to their applications, and then other articles were identified using the highlighted topics as keywords.  

2. Geophysical methods 

Near-surface geophysics encompasses a variety of imaging methods and sensing techniques (active or 

passive, i.e. using artificial or natural sources) allowing 1D (time series), 2D (map or cross section) or a 

3D view of the subsurface with possible temporal monitoring (4D) (Hermans et al., 2022). These images 

provide information on the geometry and physical properties of the subsurface as well as the 

movement of fluid in the subsurface. The depth of investigation of each technique is variable and 

generally depends on the physics of the method, the physical properties of the subsurface, as well as 

the acquisition set-up. Four methods applied to forest ecology studies currently exist in the literature: 

electrical, electromagnetic, seismic and gravimetric. This section introduces these different 

techniques, where case studies using these methods are reviewed in the following section.  

 

2.1. Electrical methods 

2.1.1. Electrical resistivity tomography (ERT) 

Electrical resistivity tomography (ERT), also called electrical resistivity imaging (ERI), is an active 

geophysical technique based on the measurement of the electrical resistivity ρ (in Ω.m) or its 

reciprocal, electrical conductivity σ=1/ρ (in S/m). Electrical resistivity is affected by properties such as 

texture and structure of the medium (e.g., porosity, fracturing), lithology (e.g., clay content), fluid 

saturation (e.g., water saturation), chemical compositions of the pore water (e.g., salinity) or 

temperature (for a complete review, see Glover, 2015). Pedophysical (or petrophysical) relationships 

exist to quantitatively relate electrical resistivity to these different parameters (e.g., Firedman, 2005; 

Samouëlian et al., 2005; Laloy et al., 2012). The measurement consists of injecting a direct current into 

the soil through two electrodes (the “transmitter dipole”) hammered into the soil. An electrical voltage 
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difference generated by this injection is measured between another couple of electrodes (the 

“receiver dipole”). The electrical resistivity is calculated according to Ohm's law using the measured 

potential difference, the injected current and the electrode position (called the geometric factor).  

 

Measurements are repeated with different combinations of position and electrode spacing to prospect 

different locations and depth (Fig. 2E). Different types of electrode arrays exist (e.g., Wenner, 

Schlumberger, dipole-dipole), each with their own advantages and limitations in terms of resolution, 

maximum depth of penetration or artefact production (Dalhin and Zhou, 2004). This process provides 

a map, called a pseudo-section, of the “apparent” resistivity according to a pseudo-depth depending 

on the spacing between the electrodes. The spatial distribution of “true” resistivity as a function of 

true depth can only be determined by the inversion of the pseudo-section using a discretized numerical 

model (e.g., Günther, 2004; Loke, 1999). ERT inversion results in a 2D map (Fig. 2E) or 3D view of the 

electrical resistivity of the subsurface, depending on the chosen electrode setup in the field. The 

investigation depth and the resolution depends on the electrode array, the spacing of electrodes 

(where the depth increases but the resolution decreases with increasing electrode spacing) and the 

electrical resistivity distribution of the medium. We point the reader to Binley and Kemna (2005) or 

Singha et al. (2022) for more information on ERT data collection and analysis. 

 

2.1.2. Mise-à-la-masse (MALM)  

MALM (Mise-à-la-masse) is an active geophysical technique based on the measurement of the 

electrical potential field, similar to ERT, but instead one current electrode located in the conductive 

body (like a mineral or a plant) and one measuring electrode moved for a certain arrangement of 

potential electrodes at the surface near the conductive body. The two other electrodes are placed at 

a large (“infinite”) distance from the conductive body. We point the reader to Parasnis (1967) for more 

information on MALM data collection and analysis. A similar “stem-based” approach, called 

capacitance method, consists of positioning the injection electrode in the stem and then measuring 

the electrical capacitance at several places in the soil. For a full description of electrodes configurations 

and operating frequencies possible in stem based acquisition we invite the reader to refer to the Fig. 

2 of Ehosioke et al. (2020). 

 

Like with ERT, MALM investigation depth and resolution depends on the electrode geometry and the 

physical properties of the conductor. The acquisition time depends on the number of measurement 

points made and the size of the study area (Table 1). MALM results are generally presented in an 

equipotential map, which inform about the extension of the conductive body. To interpret the results, 

it is possible to invert for the current density distribution (e.g., Binley et al., 1997; Peruzzo et al., 2020). 

One advantage of MALM over ERT is the ability to sense directly the targeted object (tree roots for 

example), one disadvantage is that it does not allow to obtain such a detailed vertical distribution in 

its classical use.   

2.1.3. Induced polarization (IP) 

Induced polarization (IP), sometimes called electrical impedance tomography (EIT), is an active 

geophysical technique based on the joint measurement of the electrical resistivity and the 

chargeability of the environment. Chargeability is the measure of the electrical relaxation of the 

medium after injection of an electric current. It describes the polarisation capacity of the medium, 
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which is the ability to store charge. The medium stores current and releases it over a certain period of 

time (usually fractions of a second) depending on its mineralogy and pore water chemistry. This 

method brings complementary information to ERT such as the mineralogy and texture, and is also 

sensitive to biogeochemical activity (e.g., Kessouri et al., 2019).  

 

The principle and field implementation of IP is similar to ERT (Fig. 2E). IP acquisition is done using 

electrodes with variable inter-electrode spacing according to the desired resolution and investigation 

depth. The investigation depth and the resolution are correlated and evolve similarly to ERT. The 

acquisition time is longer than for ERT (easily doubled, Table 1) since this technique generally requires 

longer pulse durations for the medium to release sufficient current to be reliably recorded. The 

apparent chargeability measured in the field needs to be inverted to obtain a true chargeability model. 

IP results are generally presented in 2D maps, 3D blocks or 1D curves showing physical properties as a 

function of frequency or distance to current electrodes (Zonge et al., 2005). We point the reader to 

Kemna et al. (2012) and Singha et al. (2022) for more information on IP data collection and analysis. 

 

2.1.4. Self-potential (SP) 

Self-potential (SP) is a passive geophysical technique based on the measurement of the natural 

electrical field that is due to natural current circulating in the subsurface. These natural currents can 

be generated by various physical and biochemical processes such as water flow, ionic diffusion, or 

redox reactions. In environmental sciences, SP is generally used to study the spatial and temporal 

variability of i) water flow (e.g., Hu et al., 2020; Jardani et al., 2006), ii) contaminant transport and/or 

iii) biogeochemical activity (e.g., Naudet et al., 2003). 

 

This geophysical technique is probably the simplest to implement as it only requires (at least) two non-

polarizable electrodes in contact with the soil or plant and a high-impedance voltmeter. Nevertheless, 

Nyquist and Corry (2002) stated that it is arguably one of the most difficult to interpret due to the 

multiplicity of possible sources. This technique was classically deployed on the field through 1D profiles 

and 2D mapping to study the spatial variability of the signal; however, SP electrodes can be deployed 

like distributed sensors in 3D (buried at different locations and depths), able to acquire time series 

(Table 1), to monitor time-varying processes (e.g., Voytek et al., 2019) (Fig. 2B). The SP signal is an 

integrated result of the processes occurring between the electrodes, therefore, the concept of 

investigation depth cannot be applied to it unlike with the active methods described above. Natural 

electrical field are typically smaller than the ones generated by ERT control units, nevertheless, SP 

measurements span between few millivolts to several hundreds of millivolts depending on the 

electrode spacing, the soil resistivity, and the source of the signals. A qualitative analysis of SP data can 

be done with a limited data processing, whereas quantitative analysis requires numerical modelling 

and inversion procedures (e.g., Voytek et al., 2019). We point the reader to Jouniaux et al. (2009) and 

Revil and Jardani (2013) for more details on SP data collection and analysis. 

 

2.2. Electromagnetic methods 

2.2.1. Electromagnetic induction (EMI) 

Electromagnetic induction (EMI), also called frequency-domain electromagnetism (FDEM), is an active 

geophysical technique based on the principle of electromagnetic (EM) induction. This technique 
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determines the electrical conductivity of an environment without contact with the ground (Fig. 2D). 

Consequently, it is a rapid technique for data collection that can cover large areas (e.g., several 

hectares per day, Table 1). This technique consists in generating an EM field (frequencies between 0.1 

and 20 kHz) with a transmitter coil. When this EM field diffuses into the ground, it generates electric 

currents. The currents generate a secondary EM field measured by the receiver coil. The measured 

electrical conductivity is proportional to the secondary EM fields. 

 

The investigation depth of the commercial devices range between 0.2 m to a few tens of meters. The 

depth increases with the spacing between transmitter and receiver coils and the power of EM field as 

generated by the instrument. The results are generally expressed as 2D maps of the electrical 

conductivity (Fig. 2D). We point the reader to Allred et al. (2008) or Doolittle and Brevik (2014) for 

more details on EMI data collection and analysis. 

 

2.2.2. Ground penetrating radar (GPR) 

Ground penetrating radar (GPR) is an active geophysical technique based on the propagation of an EM 

wave pulse in the subsurface and its reflection at interfaces (e.g., faults, centimetric roots, geological 

strata, or the water table). The propagation of EM waves is influenced by the electrical permittivity. 

Permittivity contrasts generate interfaces that be detected by the GPR. For example, soil water content 

variation can cause changes in permittivity that can be analyzed in the GPR signal. 

 

GPR is a fairly quick technique because there is nothing to install in the ground (Fig. 2A). There are two 

antennas—one transmitter and one receiver—that can be dragged on the ground, or even raised 

above the ground in the case of air-coupled antennas. Several kilometres of profiles can be collected 

per day depending on the site conditions (Table 1). Many frequencies are available in commercial 

devices, usually from a few tens of megahertz to a few gigahertz. Investigation depth and resolution 

are related to the frequency used. For the highest frequencies (GHz) these antennas allow investigation 

of targets from a few tens of cm with a resolution of the order of a mm, whereas for the lowest 

frequencies (MHz) the investigation depth can be close to 10 m with a resolution of the order of 1 m 

under favorable conditions (Hruska et al., 1999; Raz-Yaseef et al., 2013). However, the resolution and 

the investigation depth can be drastically diminished depending on the subsurface properties, 

especially in high electrical conductivities. Typically, the presence of clay or any conductive 

structure/layer/object (as soil saturated with water) produces a strong attenuation of EM waves 

(Doolittle et al., 2007). 

 

Data processing consists in eliminating noise, amplifying the desired signals, and converting time to 

depth using the electromagnetic wave velocities. The results are generally expressed as 2D sections 

(Fig. 2A) or 3D blocks, allowing the user to identify reflectors such as geological interfaces, the water 

table, or roots. We point the reader to Huisman et al. (2003) or Allred et al. (2008) for more details on 

GPR data collection and analysis. 
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Figure 2: Field implementation of geophysical techniques mostly discussed in this review article. For each 

technique an example of result is given: here time-series, cross-section, and map. Methods illustrated are A) 

ground penetrating radar (GPR), used to detect coarse roots; B) self-potential (SP), used to monitor water flow; 

C) gravimetry, used to monitor water stores; D) electromagnetic induction (EMI), used to characterise the spatial 

heterogeneity of subsurface properties; and E) electrical resistivity tomography (ERT), used to characterise the 

spatial heterogeneity of subsurface properties and possibly monitor water dynamics. The implementation of ERT 

also works for IP (and MALM as long as two electrodes are positioned at an "infinite" distance and one electrode 

is placed in the stem of the tree). Seismic methods are not represented, but the implementation of seismic 

tomography is similar to that of ERT by replacing the electrodes with geophones and the transmitter is a shot, 

and it is also used to map spatial heterogeneity of subsurface properties. 

 

2.3. Seismic methods 

Seismics are usually active geophysical methods, based on the analysis of acoustic wave propagation 

in soils and rocks. We note that passive seismic methods exist, but are not described here, given limited 

use in ecologic systems to date. Several sources of energy can be used to generate acoustic waves 

depending to the desired investigation depth (e.g., sledgehammers, shotguns, vibroseis trucks). A line 

of geophones (receivers) is installed on the surface to detect wave propagation in a similar way as the 

ERT electrodes are installed in Fig. 2E. There are different techniques that study different types of 

seismic waves; for example, seismic refraction, reflection and surface waves. Articles presented in this 

review describe seismic refraction, which is used to characterize the nature and structure of the subsoil 

(e.g., wave velocities, thickness, alteration, fracturing, water table). Refraction consists of recording 

the propagation times of the waves between the source and the geophones multiple times to increase 

the signal-to-noise ratio. Other seismic techniques are less frequently used that refraction given the 

noisy near-surface environment as well as the time and/or effort to collect and analyze data.  

 

Seismic methods produce cross-sections that are often complementary to ERT because they are 

sensitive to mechanical physical properties rather than electrical ones. They produce similar section 

(2D, Fig. 2A) or blocks (3D) as those obtained with GPR, representing wave arrival times as a function 



 Accepted in Science of the Total Environment in July 2023 

 9 

of distance from the signal source. Investigation depth and resolution depend on the length of the 

geophone array and the spacing between the geophones (the depth increases but the resolution 

decreases with increasing geophone spacing). Once the data have been processed, interpretation is 

usually done from inverted models (e.g., Mendes, 2009; Palmer, 1980). Seismic tomography, also 

called acoustic/sonic/ultrasonic tomography, or inversion, requires more time-consuming data post-

processing than ERT, as it is necessary to study each waveform to determine the wave velocity through 

a first arrival picking procedure. Inversion then produces a 2D map similar to ERT (Fig 2E). We point 

the reader to Sheriff and Geldart (1995) for more details on seismic data collection and analysis. 

 

2.4. Gravimetry 

Gravimetry is a passive geophysical method based on the measure of the Earth's gravity field (Fig. 2C). 

This technique is sensitive to the spatial and temporal variations in density of the near surface. The 

gravity signal is influenced by several global and regional sources such as tides, the motion of the 

Earth's rotation pole, or atmospheric and hydrological loads; the magnitudes of these effects are 

summarised in Kumar et al. (2021). Due to the integrative nature of gravity measurements, the concept 

of investigation depth cannot therefore be applied to it, similar to SP.  

 

There are different types of gravimeters; some are mobile and are used for single measurements that 

can be repeated over time, others are fixed and make continuous measurements. Articles in this review 

dealing with gravimetry use superconducting gravimeters (Fig. 2C), which are fixed instruments that 

can acquire data every second (Table 1) (Hinderer al., 2015). These instruments are extremely accurate 

and record gravity variations of the order of nm/s². In studies of the critical zone, the gravity signal is 

generally processed to eliminate global signals and highlight hydrological ones (e.g., Fores et al., 2017). 

Signal processing is done using established models; for example, MERRA2 is used to correct pressure 

effects (Gelaro et al., 2017) or ETERNA 3.4 is used for tidal effects (Wenzel, 1996). The gravity residuals, 

i.e. the gravity signal after processing and correction of the data, is then correlated to variations in 

water storage, gravity increases after the rains and decreases during the dry seasons (Fig. 2C). We 

point the reader to Crossley et al. (2013) or Van Camp et al. (2017) for more details on gravimetric 

method data collection and analysis.  

 

3. Geophysical applications for forest ecology 

The aim of this section is to present studies in which the geophysical methods outlined above have 

been used to address forest ecology issues. The section is organised around the three topics: 1) 

detection of root systems, 2) monitoring of water quantity and dynamics, and 3) characterisation of 

spatial heterogeneity in subsurface properties at the stand level. The review below explores the use of 

geophysical methods in forest ecosystems as well as supporting studies in laboratories or on trees 

outside of forests that could address forest-focused issues or be applied in forests in the future. 

 

3.1. Detection of root systems 

The rooting system plays a critical role in tree structure and stabilization and determines water and 

nutrient acquisition. It also represents a considerable amount of biomass and carbon storage (e.g., 
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Brunner and Godbold, 2007). The rooting system in the soil could produce preferential pathways for 

gravitational drainage into the deeper soil.   

In the last decades, several approaches have been developed to detect the root system (e.g., Cabal et 

al., 2021). Root extraction is the most common method, which is done by excavation or soil sampling 

(e.g., Butnor et al., 2003; Day et al., 2013). This approach is highly destructive and does not provide 

spatial information without difficulties. The rhizotron is a second method of observation; it consists of 

digging a hole to visualize the roots in the soil over time using a camera (e.g., Arnaud et al., 2019; Postic 

et al., 2019) or via direct observation (e.g., Klepper and Kaspar, 1994). This method has the advantage 

of monitoring root development but is intrusive and also makes the spatial coverage difficult. 

Moreover, the implementation of these methods can be complex depending on the nature of the 

subsurface, especially in environments where soils can be stony. Geophysical methods offer prospects 

to characterise root systems architecture spatially and non-destructively as a complement to 

conventional methods.  

 

GPR is the principal geophysical method used to detect coarse roots (e.g., Alani and Lantini, 2020; 

Cabal et al., 2021; Lorenzo et al., 2010). This technique is sensitive to roots of at least a few millimetres 

in diameter. Roots appears as reflectors of EM waves. Cross-sectional images (Fig. 2A) can map root 

system architecture or be used to estimate root frequency (on the cm scale) categorized diameter 

classes (e.g., Cabal et al., 2021; Lorenzo et al., 2010). Studies using GPR focusing on root systems have 

attempted to estimate various properties related to root system biomass, architecture and root traits 

in forests using frequencies between 400 MHz and 1.5 GHz (e.g., Hruska et al., 1999; Raz-Yaseef et al., 

2013). Efforts currently exist to estimate root traits using GPR in various soil conditions from 

homogeneous to complex and heterogeneous soils. For instance, Day et al. (2013) reported that 

biomass estimation of roots larger than 5 mm in diameter using GPR (1.5 GHz) in fairly homogeneous 

soils in a subtropical forest was comparable to estimates from soil pits and superior to those obtained 

with soil cores. Molon et al. (2017) demonstrated in a temperate forest that 3D GPR (1 GHz) can map 

root architecture in low-heterogeneity soils and obtain estimates of spatial variability in biomass 

distribution over large areas. Some authors studying forests in humid subtropical climate still warn 

that some types of roots, such as taproots, are difficult to detect because of their generally vertical 

orientation which does not produce reflection events (Butnor et al., 2003). For the same reason, roots 

below the stump are generally underestimated (Butnor et al., 2016). Raz-Yaseef et al. (2013) and 

Rodríguez-Robles et al. (2017) used GPR (1 GHz and 500 MHz respectively) on poorly developed rocky 

soils in a semi-arid climate. They validated the use of GPR to map coarse roots and estimate their 

biomass. Rodríguez-Robles et al. (2017) identified roots of different diameters at different depths in 

the soil or in rock fractures. We note that factors such as root spacing, changes in water content or 

surrounding conditions like the presence of stones affect the detection of roots using GPR and can lead 

to misinterpretation (Hirano et al., 2009).  

 

Other studies have attempted to use GPR to answer ecological or evolutionary questions. For instance, 

Yan et al. (2013), Xiao et al. (2021) and Zhang et al. (2021) sought to understand the spatial distribution 

of root systems using GPR. Zhang et al. (2021) studied the root system of Mongolian pines in a semi-

arid climate in relation to their age to understand competition for water. They observed an increase in 

root area with age followed by a decrease after 50 years. Yan et al. (2013) and Xiao et al. (2021) 

explored the abiotic and biotic factors that affect the spatial distribution of roots in subtropical forests. 

Yan et al. (2013) studied three habitats (ridge, slope and valley) and the dominant tree species on each. 
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They found that the lowest root density was on the slope and that the species Castanopsis eyrei had 

more roots distributed in deep soils than Shorea superba. The results of Xiao et al. (2021) indicated 

that root system growth and rhizome diameter are significantly correlated with soil moisture content, 

alkali-hydrolysed nitrogen and available phosphorus. In another example, Lombardi et al. (2021) used 

GPR (800 MHz) to estimate root depth, diameter and frequency of different Aleppo pine (Pinus 

halepensis) populations growing in a common garden in a Mediterranean climate. Their results suggest 

that rooting system traits were related to the climatic conditions of the tree population’s origin and 

thus that GPR can be used as a high throughput phenotypic tool to target key adaptive traits.  

 

The application of other geophysical techniques to explore root systems, such as seismics, IP and 

electrical stem-based approaches (including MALM), has been limited at this stage. Preliminary 

experiments in the laboratory and around single trees have used seismic tomography to detect soil 

roots (Buza and Divós, 2016; Mary et al., 2015; Proto et al., 2020). However, all of these authors 

reported that seismic tomography can only detect roots close to the surface (30-50 cm) and Proto et 

al. (2020) stated that the estimation of their diameter was not reliable. Mary et al. ( 2017) tested IP to 

detect tree roots in the laboratory and then field settings around a poplar (Populus alba L.). The roots 

polarized at lower frequencies than the soil and the effects of polarisation increased with the volume 

of buried roots. Since Dalton's (1995) proposal of a model for interpreting plant root capacitance 

results, stem-based methods have been developed over the course of several years. The model 

suggests that the current distributes evenly throughout the root system (Dalton, 1995). Studies from 

Čermák et al. (2013) and Cseresnyés et al. 2018 support this assumption, while others including 

Dietrich et al (2012) and Peruzzo et al. (2021), have questioned its validity. Consequently, there has 

been a growing interest in investigating the extent to which Dalton's theory holds true. Advanced 

processing techniques have been employed in studies by Peruzzo et al. (2020), Mary et al. (2019, 2018, 

and 2023) to gain insights into the distribution of current sources.  

 

Studies have also used ERT to image the plant root zone and thus to indirectly detect the root biomass 

in forests (Zhao et al., 2019). Changes in moisture variations in the soil have been associated with root 

activity (Amato et al., 2008; Balwant et al., 2022). ERT is often used to complement GPR as in the 

studies by Zenone et al. (2008) and Rodríguez-Robles et al. (2017) in sub-humid Mediterranean and 

semi-arid climates respectively, where they show a correlation between soil moisture changes and the 

spatial distribution of roots. 

 

3.2. Monitoring of water quantity and dynamics 

Trees extract water and dissolved minerals from the soil and the parent rock (e.g., McCormick et al., 

2021), as basic elements necessary to their living tissues. Water is then released into the atmosphere 

through the process of transpiration, which permits to regulate leaf temperature. The circulation of 

water in the soil-plant-atmosphere continuum is directly limited by the availability of water for the 

trees in the subsurface. 

 

Several approaches have been developed over the last decades to quantify and monitor water stocks 

and dynamics in the critical zone at different scales (e.g., D. Robinson et al., 2008). Soil moisture 

quantification is historically done by the gravimetric method, which consists in drying soil samples 

extracted from soil pits to determine the weight of water contained (e.g., Gardner et al., 2000). This 
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approach can be tedious, offers low spatial representativeness and does not allow for monitoring 

because it is destructive. The volumetric water content in the subsurface is commonly estimated using 

time domain reflectometry (TDR) or frequency domain reflectometry (FDR) probes based on dielectric 

permittivity measurements (e.g., Schaap et al., 1997; Sutinen and Middleton, 2020). These techniques 

have the advantage of high temporal resolution; however, they collect measurements at a single point 

in space. Similar to these sensors, neutron probes are also used to estimate soil or rock water content 

(e.g., Bréda et al., 1995; Dymond et al., 2014). The lysimeter is the most direct and reliable method to 

measure soil water evolution (e.g., Müller and Bolte, 2009) but it is complex to implement, especially 

in heterogeneous environments such as forests. Consequently, geophysical techniques such as ERT, SP 

and gravimetry offer integrative and non-destructive methods that can be combined with the previous 

approaches to monitor geophysical properties (e.g., electrical resistivity and density) that are related 

to water stores or even water flow through space and time.  

 

ERT is the primary geophysical method used to assess the spatial distribution of water in the forest 

subsurface (e.g., Cardenas and Kanarek, 2014; Davidson et al., 2011; Dick et al., 2018; Fan et al., 2015; 

Jayawickreme et al., 2010, 2008; Koch et al., 2009; Ma et al., 2014; Nijland et al., 2010; Robinson et al., 

2012; Zhu et al., 2007; Peskett et al., 2020; Rieder and Kneisel, 2023). The relation between electrical 

resistivity measured from ERT and water content measurements has been verified with sensors such 

as TDR or neutron probes. For instance, Zhu et al. (2007) studied a Mongolian pine plantation in a 

continental climate and found strong correlations between measured water content and soil electrical 

resistivity. For example, they obtained a coefficient of determination of 0.88 (with a P-value of 

0.00024) between electrical resistivity and surface water content up to 1.5 m for an electrode spacing 

of 1.5 m. It has to be highlighted that their monitoring was carried out over a short period of time in a 

reasonably homogeneous environment, which allowed them to neglect the influence of other 

parameters on the geophysical signal such as temperature or salinity. As with most geophysical 

techniques, care must be taken when interpreting electrical resistivity results because different factors 

can influence the signal (Koch et al., 2009; Paillet et al., 2010). Temperature is one of the main 

parameters to pay attention to: electrical resistivity can decrease by up to 2% when the temperature 

increases by 1°C (Campbell et al., 1949). Jayawickreme et al. (2010) noted that temperature variability 

accounted for about 20 to 45% of the change in resistivity between cold winter months and warm 

summer months in long-term monitoring in a temperate forest. 

 

The spatial assessment of water resources in forests with ERT has allowed scientists to identify the 

forest hydrogeological networks for example connections between runoff and groundwater (e.g., Koch 

et al., 2009) or the primary water flow pathways of a forested hillslope by combining ERT and seismic 

refraction (e.g., Thayer et al., 2018 ). It has also allowed to assess the extent and depth of a coastal 

saltwater intrusion process in forests (e.g., Satriani et al., 2012) or to compare the water spatial 

distribution between wet and dry periods (e.g., Cardenas and Kanarek, 2014; Ma et al., 2014; Robinson 

et al., 2012).  ERT provides a spatial dimension to assess water content variations. Water distribution 

in forest soils can be highly heterogeneous as observed with ERT by Ma et al. (2014) and Dick et al. 

(2018) in temperate forests. ERT has been used to explore the role of vegetation on water 

redistribution related to rainfall interception (Cardenas and Kanarek, 2014; Fan et al., 2015; Peskett et 

al., 2020) or to preferential flow along trunks and roots (Guo et al., 2020). Cardenas and Kanarek (2014) 

and Fan et al. (2015) used ERT on areas in subtropical climate and observed that the redistribution of 

water at the soil surface is related to vegetation density. They compared plots after rain events and 
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observed that rainfall infiltration is higher and deeper in bare or plots with a low tree density when 

compared to plots with a higher tree density. The interception of rainwater by vegetation is a 

hypothesis that would explain the lower amount of water where vegetation is denser. Guo et al. (2020) 

confirmed the funnelling effect of trunks and roots on the redistribution of precipitation in the soil by 

combining ERT and GPR measurements. They showed that the identified wetted areas of an American 

beech in continental humid forest after pouring an equivalent of 12 mm of precipitation on the trunk 

corresponded to the root system areas detected with GPR. 

 

ERT has been used to detect water movement in the soil related to the tree root activity in forests 

(e.g., Ain-Lhout et al., 2016; Davidson et al., 2011; Dick et al., 2018; Fäth et al., 2022; Guerra, 2020; 

Jayawickreme et al., 2008; Mares et al., 2016; Robinson et al., 2012; Thayer et al., 2018). For example, 

Robinson et al. (2012) and Ain-Lhout et al. (2016) observed differences in the dynamics of electrical 

resistivity related to soil moisture between forested and bare plots in humid subtropical and semi-arid 

Mediterranean climate respectively. Comparing ERT signals between wet and dry periods, these 

authors found that water content fluctuations are more stable under trees than under the bare soil 

control, which they explain by root regulation and hydraulic redistribution. Root uptake zones can also 

be identified through spatio-temporal monitoring (e.g., Amato et al., 2008; Balwant et al., 2022; 

Davidson et al., 2011; Jayawickreme et al., 2008; Mares et al., 2016; Thayer et al., 2018; Zenone et al., 

2008). Thayer et al. (2018) studied a forested subalpine hillslope and observed a relationship between 

tree transpiration estimated from sap flow sensors and soil water content estimated from ERT 

measurements. Their observations allowed them to suggest that trees can use water from the surface 

to at least 2.5 m depth. Differences in the depth of root water uptake have been observed between 

different vegetation types by Jayawickreme et al. (2008) or between different climatic conditions by 

Davidson et al. (2011). Jayawickreme et al. (2008) studied a forest-grassland ecotone in a temperate 

climate and observed deeper soil moisture changes under a forest (up to 5 m) than under a grassland 

(about 3 m) between the periods of early and maximum growth, suggesting deeper rooting under the 

forest. Similarly, Davidson et al. (2011) showed the important role of deep roots (over 11 m depth) in 

a rain-exclusion zone on an experimental plot in the Amazon rainforest when compared to a control 

plot. They found more intense soil drying at 11-18 m depth in the rain exclusion plot than in the control 

plot, noting a decrease of approximately 100 mm in water storage in this soil increment depth after 

three years of experimentation. 

 

Moving towards a quantitative assessment of the spatial distribution of water extraction by vegetation 

in the subsurface may be best accomplished by coupling ERT and ecophysiological methods like 

sapflow. Mares et al. (2016) and Harmon et al. (2021) observed how a ponderosa pine (Pinus 

Ponderosa) in montane climate used different water sources to maintain transpiration flow using ERT, 

sapflow by heat dissipation, and ERT in the tree trunk (see more details on trunk geophysics in the 

Supplementary Material). Mares et al. (2016) showed how a tree's water source shifts from a shallow 

soil horizon at the beginning of the growing season to a deeper horizon later in the season. They 

observed that sapflow did not significantly decrease during the summer while the soil dries out, 

indicating access to a deeper source. Harmon et al. (2021) focused on the contribution of the internal 

water storage of the tree as a reservoir to support transpiration. Diel variations in sapwood electrical 

resistivity were observed from trunk ERT measurements. The results of electrical resistivity variations 

linked to water content variations follow the known water storage patterns in trees: water storage 

decreases from sunrise to early afternoon and increases in the late afternoon and evening. ERT 
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monitoring showed that the use of the tree's internal water storage is highest a few days after storms 

and then decreases as drought conditions progress. Wavelet analyses showed that the time lag 

between sapwood flux and sapwood electrical resistivity are short under dry conditions and longer 

under wet conditions, implying that under drought conditions, tree water storage becomes 

increasingly important.  

 

In order to obtain quantitative information on water stores, it is necessary to use models to interpret 

ERT measurements (e.g., Singha et al., 2015; Hermans et al., 2023). Combining geophysics with other 

methods or models can lead to reasonable estimates of localised fluxes. These combinations could 

help to parameterize and calibrate models simulating the soil-plant-atmosphere continuum, the 

functioning of plants in water-limited conditions and ultimately the survival of plants in an increasingly 

drier environment (e.g., Ruffault et al., 2022). Hydrodynamic properties of forest soils can be 

approximately estimated from ERT measurements. Conversions of electrical resistivity to water 

content can be done straightforward methods such as Archie (1942), which was used, for example, in 

the study of Dick et al. (2018) or Rieder and Kneisel (2023) in forests. However, this relationship is 

limited and cannot be used in all environments (e.g., Friedman, 2005; Samouëlian et al. 2005; Laloy et 

al., 2012) and rocks physics relationships are not rigorously correct in terms of their application to 

tomograms (Day-Lewis et al., 2005). There are other more elaborate methods, such as Waxman and 

Smits (1968), used for example in the laboratory study by Doussan and Ruy (2009) to estimate the 

water content and the hydraulic conductance of the soil. However, obtaining quantitative values of 

these properties from ERT remains challenging, especially in heterogeneous environments such as 

forests. 

 
Figure 3: (A) Cross-sectional view of the SP sensor array relative to the selected tree. (B) Tree transpiration 

calculated from sapflow measurements and recorded precipitation. (C) Measured self-potential (SP) voltage 

differences between each pair of subsurface electrodes (labelled upper, lower, inner, outer in a). The shaded areas 

are the manufacturer-reported accuracy of measurements. (D) Simulated measured self-potential (SP) voltage 

differences between each pair of subsurface electrodes. (Modified from Voytek et al. (2019)) 

SP is another geophysical technique and has been used to directly study water flows in the soil-plant-

atmosphere continuum. The SP signal is influenced by evapotranspiration (ET) because water flux in 

the soil or in trees generate small yet measurable electrical currents. Voytek et al. (2019) observe SP 

signals (Fig. 3C) in the subsurface of a temperate forest (Fig. 3A) influenced by tree transpiration 
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dynamics as measured by a sapflow sensor (Fig. 3B). The development of a coupled fluid and electrical 

flow numerical model simulated transpiration generated a calculated SP signal similar to the 

observations (Fig. 3D). SP has also been used within the trunk to study tree transpiration; daily and 

seasonal variations in the SP electrical signal of tree trunks has been observed by Gibert et al. (2006) 

and Koppan et al. (2000) on individual trees in urban areas and Zapata et al. (2021) on several trees in 

a Mediterranean forest. A relationship between the SP signal and the measured sapflow has been 

observed by Gibert et al. (2006), but the two signals were not proportional. SP signals do not seem to 

be influenced by the position (height and orientation) of the electrodes in the tree (Gibert et al., 2006; 

Koppán et al., 2005; Zapata et al., 2020), but tree maturity seems to influence SP signals according to 

Zapata et al. (2020). They note that SP signals are stronger on younger trees. External parameters can 

also influence the SP signal such as meteorological phenomena. For instance, Zapata et al. (2021) found 

a strong correlation between rainfall and the SP signal in trees. 

 

Promising results on the potential of superconducting gravimetry to estimate and quantify 

evapotranspiration fluxes at the stand scale have recently been shown. Gravimeters measure weight 

variations that occur below and above the instrument and these variations can be related to 

hydrological variations. Van Camp et al. (2016) compared variations in the stacked gravity signal over 

several days with those in the measured soil water content of a beech forest in a temperate climate. 

They interpreted the daily change in the gravity signal as water loss through evapotranspiration. 

Carrière et al. (2021a) showed a day-to-day correlation between the daily variation of gravity and the 

modelled ET of a Mediterranean holm oak (Quercus ilex L.) forest. In their study, the authors subtract 

the signal of two superconducting gravimeters superimposed onto each other with a 500 m altitude 

difference to achieve the accuracy needed to interpret the evapotranspiration signal. They observed 

variations in the gravity signal equivalent to water store variations in the order of a millimetre. 

 

3.3. Characterisation of spatial heterogeneity in subsurface properties at the stand level 

Local variations in soil properties (physical, chemical and biological) affect soil hydrological processes 

and thus have an impact on ecosystems structure and functioning (e.g., Vereecken et al., 2022). Fine-

scale subsurface variations have often been neglected in forest ecology studies because limited tools 

exist to characterize the spatial variability of subsurface properties (e.g., Loke and Chisholm, 2022). 

Soil properties such as texture, water content or the chemical composition, are usually studied using 

soil samples. Characterising the spatial variability of these properties requires numerous samples to 

be taken on a regular grid, as in the study by John et al. (2007) with 253 samples over 25 ha in a tropical 

forest. However, spatial characterisation of soil heterogeneity using traditional methods is time-

consuming and highly destructive. Geophysical methods can provide spatial information on 

geophysical properties that correlate with a number of subsurface physical properties (e.g., water 

content, soil thickness, soil type, salinity) to which plants may be sensitive. There are different forest 

ecology topics where the combination of geophysical methods with traditional soil and vegetation 

methods could provide important spatial insights, such as ecohydrology, or vegetation community 

dynamics or assembly.  

 

The ecohydrological equilibrium theory (Eagleson, 1982) is a well-established hypothesis explaining 

that vegetation grows in equilibrium with the climate and the soil water availability. Correlation 

between leaf area index and climate have been reported, although soil water capacity is known to 
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have an important role (Hoff and Rambal, 2003). Studies such as Ma et al. (2014) in temperate forest 

report strong correlations between vegetation characteristics (such as tree crown area and leaf area 

index) and the spatio-temporal pattern of soil moisture derived from ERT during the growing season.  

  

Soil thickness is a factor in vegetation development as it affects the potential root volume and water 

available to plants. Holbrook et al. (2014) estimated the minimum water storage potential in the 

subsurface via weathering thickness obtained from the combination of seismic and ERT 

measurements. The influence of soil thickness on forest stand density has been studied with 

geophysics by Meyer et al. (2007) and Carrière et al. (2021b). Meyer et al. (2007) used seismic 

refraction to estimate the thickness of different soil horizons in a mixed montane coniferous forest 

and found that organo-mineral horizons are correlated with basal area and canopy cover. Carrière et 

al. (2021b) interpret the EMI signal (Fig. 4A) as variability in soil/weathered rock thickness in a 

Mediterranean karst forest, where the most electrically resistive zones (i.e. electrical conductivities 

below 4 mS/m) are those where the soil is least developed (i.e. mostly below 40 cm). They observe a 

positive correlation between the thickness of the soil and the production of biomass estimated using 

the plant area index (Fig. 4B). Indeed, in areas where the soil is more developed, the biomass is greater 

(Fig. 4C). These results are consistent with Eagleson’s (1982) ecohydrological equilibrium theory. GPR 

has also been used in different climates (e.g., boreal, temperate) in forests to estimate the depth of 

soils (Sucre et al., 2011) or the thickness of the organic layer (Laamrani et al., 2013; Ryazantsev et al., 

2022; Zajícová and Chuman, 2022). 

 
Figure 4: Geophysical results and spatial variability in plant area index (PAI) at Font-Blanche. (A) Apparent 

electrical conductivity (ECa) map from EM31 survey in vertical dipole. (B) Spatial interpolation of plant area index 

(PAI) obtained from hemispherical photographs. (C) Boxplots of apparent electrical conductivity (ECa) from EM31 



 Accepted in Science of the Total Environment in July 2023 

 17 

survey per classes of plant area index (PAI) : n is the number of value, R is Pearson correlation, p-value is calculated 

on Pearson correlation, rs is the Spearman correlation. (Modified from Carrière et al. (2020a)) 

Soil type is another factor that can affect vegetation development as it affects water circulation and 

retention, as well as chemistry. Grellier et al. (2014) used EMI to determine the spatial heterogeneity 

of electrical conductivity as an indicator of clay content in a sub-humid sub-tropical climate. According 

to the formula used in their study, a clay content of 5% and 20% leads to a conductivity of 10 and 40 

mS/m, respectively (Grellier et al., 2014). They observed a decrease in tree size with increasing clay 

content, similar to the results of Robinson et al. (2010) in Mediterranean climate, who also showed a 

greater likelihood of tree occurrence on soils with low clay content. Water availability in fine-textured 

clay soils was hypothesized to limit the root development of trees. A type of GPR known as radar 

surface-arrival detection has also been used to characterize the variability of boreal forests soil 

materials in Lapland in relation to water content (Hänninen, 1997; Sutinen and Middleton, 2020). 

 

Characterizing the factors shaping community assembly and dynamics (including recruitment and 

mortality) is a key issue in community and global change ecology (Lavorel and Garnier, 2002). Many 

studies still neglect the potential role of heterogeneity in soil properties as an environmental filter for 

species installation (Sungpalee et al., 2009). Robinson et al. (2010) looked at inter-species distribution 

of trees in relation to soil texture in a Mediterranean climate. EMI was used to determine the variability 

of spatial soil heterogeneity in terms of clay content. They found difference in soil electrical 

conductivity between buckeye (Aesculus californica (Spach) Nutt.) and oak (Quercus spp.) 

communities. The soils where buckeye are located are more electrically conductive, associated with 

their location near streams on silty soils, than oak soils, which are located on thin and stony soils. 

Buckeye soils have electrical conductivity values almost twice as high as that under deciduous oaks (13 

mS/m compared to 7 mS/m). Buckeyes may require a constant source of water and are less tolerant 

of drought, whereas oaks may be better adapted to a dry environment and able to access deeper water 

sources.  

 

Intraspecific variability is an often-overlooked factor, but it could be a key feature for ecosystem 

resilience to climate change (Albert et al., 2012). It will be increasingly required to understand current 

patterns of forest mortality and distinguish the role of environment, genetics, and plasticity in 

population adaptation to global change. Spatial heterogeneity of soil properties could explain the 

survival or mortality of trees under different stresses. The role of soil on tree resilience to drought in 

forests was studied by Nourtier et al. (2014), Carrière et al. (2020a) and Carrière et al. (2020b) using 

ERT monitoring as a proxy for soil water reserves and Callahan et al. (2022) using seismic surveys as a 

proxy of subsurface weathering. Nourtier et al. (2014) and Carrière et al. (2020a) showed that 

vegetation is more vulnerable to severe water stress in areas where soil conditions appear to be 

favourable for growth. Indeed, Carrière et al. (2020a) observed in a Mediterranean climate that trees 

located in areas of high total available water in the near surface tended to delay the decline in water 

potential over the season but suffered greater water stress during the drought peak. This is in 

agreement with the results of Nourtier et al. (2014) in a Mediterranean mountain climate, who 

observed a higher mortality rate for trees with thicker surface soil associated with soil with higher 

water storage capacity. The link between variability in tree vulnerability and variability in soil water 

storage capacity may be explained by the adaptability of trees to extract water from greater or lesser 

depths. Carrière et al. (2020b) show that trees with low total available water near the surface have 

adapted their root system to exploit deeper water reserves more intensively. Recently, Callahan et al. 
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(2022) quantified subsurface weathering in forests in a mountainous Mediterranean climate from the 

porosity obtained with seismic refraction measurements. Their results showed that the soil water 

storage capacity is a function of the mineral weathering in the subsurface. They deduced that the 

spatial variability of forest response to drought can be explained by differences in the composition of 

the underlying bedrock. 

 

Salinity is another type of stress that makes it difficult for roots to absorb water and nutrients, causing 

tree mortality. Satriani et al. (2012) conducted ERT measurements to assess the extent and depth of 

saltwater intrusion causing the decline of an overlying coastal forest in a Mediterranean climate. The 

ERT measurements showed the presence of two main zones characterised by different resistivity 

values: lower ones associated with salt-water intrusion (< 1.5 Ω.m), and higher ones corresponding to 

areas where trees grow better (10-220 Ω.m). 

 

Spatial heterogeneity of soil properties could explain the survival of species during regeneration. The 

relationship between the survival of artificially regenerated Scots pine (Pinus sylvestris L.) and soil 

water content measured locally with TDR probes was highlighted in the study by Sutinen et al (2002). 

They observed significant correlations suggesting that pine regeneration on moist and wet tills 

(volumetric water content > 0.27 cm3/cm3) is risky in Lapland's climatic conditions. In the context of 

climate change, geophysics could be relevant for selecting species during regeneration. 

 

4. Discussion and synthesis 

In the previous sections, we highlighted the utility of the near-surface geophysical toolbox in forest 

ecosystems for detection of root systems, monitoring of water quantity and dynamics, and 

characterisation of spatial heterogeneity in subsurface properties at the stand level. The common 

strengths of all geophysical methods are: i) the non- or minimally destructive character that allows 

monitoring to study the temporal evolution of the physical properties of the subsurface, ii) the spatial 

coverage of the information that allows one to describe the heterogeneity of the studied area, and iii) 

the integrative nature of measurements that allows one to reach a satisfactory spatial 

representativeness. However, this last point can also be a limitation of geophysical tools. 

Interpretation of geophysical signals requires a comprehensive knowledge of both the forest 

ecosystem and geophysics in order to minimize the uncertainty from indirect methods and avoid 

artefacts in the inversions. Table 1 summarises the characteristics and potential of the near-surface 

geophysical techniques to support forest ecology studies. A synthetic overview of geophysics 

contribution for the three studied topics is proposed below. 

 

Regarding root detection, GPR has been widely used. This technique has been able to image roots on 

the cm scale to 2 m deep due to its high resolution. However, as the resolution and the investigation 

depth are inversely related, it is impossible to obtain an accurate image of the entire root system 

because the resolution is too low for the necessary depth and conversely to achieve satisfactory 

resolution to image finer roots (e.g., absorbent roots). In contrast, ERT has lower resolution, which 

cannot image objects as small as roots, but a greater investigation depth, going easily to several meters 

in depth (Table 1). ERT can therefore provide a complementary dataset to GPR. It possible to indirectly 

image the entire root system in forests with ERT by looking at changes in moisture as a proxy for 
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“effective” root depth. Seismic, IP and MALM are still rarely used to study root systems. These 

techniques have not yet been used in forests but current research shows their potential. 

 

For quantifying and monitoring water distribution, ERT is the most widely used technique. This 

automatable technique makes it possible to monitor water dynamic in forest settings. However, the 

considerable acquisition time of ERT (Table 1) prohibit monitoring of processes that take place on a 

time scale of less than 10 minutes. Gravimetry and SP can allow acquisition of data with high temporal 

resolution (e.g., every second). However, both are passive methods and integrate over large and 

difficult to quantify spatial volumes, which can be an advantage (i.e. good spatial representativity of 

measurements for modelling purposes) as well as a disadvantage (i.e. difficulty to determine sources 

in field conditions). The potential of SP to study water circulation in the soil-plant-atmosphere 

continuum is important because it is the only geophysical technique directly related to water flow 

(Table 1). 

 

To characterize spatial variability in subsurface properties, geophysics provides powerful approaches. 

EMI, ERT and seismic refraction have already been used in forests to estimate heterogeneity in water 

content, soil thickness and type, or subsurface porosity and weathering. EMI has the great advantage 

of quickly characterizing large areas (Table 1) without ground contact. In contrast, ERT and seismic 

have longer acquisition times than EMI but easily reach deeper investigation depths for the same 

resolution. These techniques provide a relevant and complementary information to describe the 2- or 

3-D distribution of subsurface properties.
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Table 1 : Summary of geophysical techniques and their characteristics presented in this review (part 1) and their application to forest ecology issues (part 2). 

 
(Part 1) ERT = electrical resistivity tomography; IP = induced polarization; SP = self-potential; EMI = electromagnetic induction; GPR = ground penetrating radar. The resolution defines the quality 

of the result obtained: +++ highly resolution measurement; ++ accurate measurement; + good resolution but not very accurate; +/- integrative measure; - very integrative measure. The acquisition 

time gives an idea of the time taken by the device to perform a measurement, the time taken to set up the equipment is not considered. (Part 2) +++ Technique used successfully; ++ technique 

used; + technique previously used. 
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5. Conclusions 

Initially developed for extractive-industry applications, geophysical tools have been increasingly 

deployed in other domains of environmental earth sciences. Here, we have reviewed descriptive and 

functional studies that show how the geophysical toolbox can help to improve our understanding of 

forest ecosystems.  

 

To illustrate how the geophysics can help ecologists to study forest ecosystems, we identified three 

main topics in forest ecology (Table 1). First, we outline the detection of root systems non-destructively 

using electromagnetic and electrical methods. Depending on the resolution of these techniques, tree 

roots in forests could be located and their diameters determined, or more generally, the root biomass 

estimated. We then describe the quantification and monitoring of water volumes and dynamics using 

electrical and gravimetric methods. The distribution and movement of water in forests and the 

evapotranspiration process could be observed and studied using these geophysical tools over the plot 

to hillslope scale. Finally, we highlight the ability of geophysical tool to characterise subsurface spatial 

heterogeneity, specifically using electrical, electromagnetic and seismic methods. The impact of 

edaphic conditions on the development and functioning of the forest can be explored with these 

methods, improving our understanding of processes related to ecohydrology or to the vegetation 

community dynamics or assembly. The use of geophysics coupled with soil-plant-atmosphere models 

could help to better quantify biophysical parameters to improve water management issues for forest 

adaptation to climate change. Geophysics offers new ways of studying the critical zone that may break 

down the boundaries between scientific communities and provide a more spatially and temporally 

exhaustive view than can be found from traditional methods. 

 

Glossary 

Chargeability (ma): A physical property that describes the ability of a material to store reversible 

electrical charge when subjected to an electrical field. 

 

Community: An interacting group of diverse species in a common place. 

 

Critical zone: The heterogeneous near-surface environment that extends from the top of the canopy 

to the bottom of groundwater, where complex interactions between rock, soil, water, air, and living 

organisms regulate the natural habitat and determine the availability of life-sustaining resources 

(adapted from NRC (2001)).  

 

Ecohydrology: Field that studies the interactions between water and ecosystems, e.g. the relationship 

between hydrological processes and the distribution, structure or function of ecosystems. 

 

Electrical capacitance (C): A quantity that defines the capacity of a material to receive and store energy 

in the form of an electric charge.  

 

Electrical conductivity (σ): A physical property (the inverse of electrical resistivity) that quantifies the 

ability of a material to conduct electric current, i.e. a flow of electrical charges. 
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Electrical field: A physical field created by electrically charged particles that exerts force on all other 

charged particles in the field, either attracting or repelling them 

 

Electrical potential or electric field potential: A quantity that defines the electrical state of a point in 

space, i.e. the amount of work needed to move a unit charge from a reference point to a specific point 

against an electric field. 

 

Electrical relaxation: The time required for a system to return into equilibrium after being disturbed, 

for example after being subjected to an electric field. 

 

Electrical resistivity (ρ): A physical property (the inverse of electrical conductivity) that quantifies the 

strength of a material to oppose to electrical current transfer. 

 

Electrical resistivity tomography (ERT): A geophysical technique that measures and infers electrical 

resistivity distributions in the subsurface or in trees. 

 

Electromagnetic induction (EMI): A geophysical technique that measures and infers electrical 

conductivity distributions in the subsurface without contact with the soil. 

 

Electromagnetic field: A physical field caused by the movement of electric charges. 

 

Evapotranspiration: Water flow resulting from evaporation from soils and open water surfaces and 

from plant transpiration. 

 

Frequency-domain reflectometry (FDR): A technique that estimates dielectric permittivity, related to 

the volumetric water content of the soil, by measuring the frequencies of high-frequency 

electromagnetic waves emitted along a metal probe buried in the soil. 

 

Induced polarization (IP): A geophysical technique that measures the electrical resistivity and the 

chargeability to infer subsurface distributions and characterise grain-fluid interface properties. 

 

Inversion: The mathematical process that allow to retrieve physical properties from measured data 

under the assumption of a given forward physical model. 

 

Gravimetry: A geophysical method that measures variations in the Earth's gravity field. 

 

Ground penetrating radar (GPR): A geophysical technique that records transmitted and reflected high-

frequency electromagnetic waves sensitive to the dielectric permittivity of Earth materials. 

 

Leaf area index (LAI): A quantity that characterizes plant canopies and defined as the leaf area of a 

tree or stand per unit area of soil. 

 

Mise-à-la-masse (MALM): A geophysical technique similar to ERT but directly sensitive to the 

conductive body under study. 

 

https://en.wikipedia.org/wiki/Field_(physics)
https://en.wikipedia.org/wiki/Charged_particle
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Near-surface geophysics: The use of non- or minimally invasive imaging methods to study the 

characteristics of the shallow soil and the processes that occur (usually up to tens of metres depth).  

 

Permittivity or dielectric permittivity (ε): A physical property that describes the ability of a medium to 

charge under an electric field. 

 

Plant area index: A quantity that characterizes plant canopies and defined as the plant area (trunk and 

leaf) per unit area of soil. 

  

Plot: A term used in forest ecology to refer to study area which extent generally rang from a few 

hundred to a few thousands of square metres (typically a forest inventory plot). 

 

Self-potential (SP): A geophysical technique that measures the natural electrical field due to the 

natural current circulating in the subsurface, for example generated by water flows. 

 

Seismic method: A geophysical method that measures the propagation of acoustic waves in soils and 

rocks to obtain information on the physical and mechanical properties.  

 

Stand level: The stand refers to a group of trees in a forest plot that may contain one or more species. 

A distinction is made between a stand scale and an individual scale to study the forest. 

 

Time-domain reflectometry (TDR): A technique that estimates dielectric permittivity, related to the 

volumetric water content of the soil, by measuring the travel time of high-frequency electromagnetic 

waves emitted along a metal probe buried in the soil. 

 

Tomography: A mathematical imaging process that estimates the spatial distribution of subsurface 

physical properties from surface measurements. 

 

Water potential: A physical quantity that quantifies the binding energy of water within an element 

(e.g. a plant, a soil sample), i.e. the pressure required by the system to extract it. 

 

Water stress: Situation in which the demand for water is greater than the amount of water available. 

A plant is under water stress when the amount of transpired water is greater than the amount of 

absorbed water. 
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