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Abstract Forest sustainability is regulated by the interplay between water and biochemical fluxes within the
soil-tree continuum. However, capturing the daily to seasonal interplay of these ecohydrological and biological
processes remains a major challenge. Instrumentation is typically compartmentalized—soil, roots, or trunk—
hindering a unified understanding of the continuum. Here, we explore the potential of passive electrical methods
to concurrently track water and biochemical fluxes across the soil-tree interface. Self and electrodic potential,
depending on electrode type, respond to water flow, chemical and thermal diffusion, and redox gradients. We
propose an electro-hydro-biogeochemical conceptual model linking electrical potential generation to tree
transpiration, water uptake, hydraulic redistribution, and soil respiration. Using electrical potential monitored
within the soil and across the soil-root-trunk continuum at the H.J. Andrews Experimental Forest, Oregon, USA,
during summer 2023, we tested this model via daily correlations with sap flow, soil moisture, and carbon
dioxide. Despite disturbances caused by wildfire smoke, electrical signals revealed strong correlations with
daily patterns and event-driven perturbations (e.g., wildfire smoke) of hydrological fluxes and biological
activity in both trees and soil. Water fluxes emerge as the primary driver of self and electrodic potentials, with
redox gradients also playing a significant role across the soil-tree continuum. This study presents a framework
for using passive electrical methods as proxies for monitoring forest ecohydrological resilience.

Plain Language Summary The tree is connected to the soil through its root system, enabling
continuous exchanges of water and nutrients essential for its growth. Understanding how these exchanges
fluctuate throughout the day and across the growing season is key to studying forest health. However, current
methods often fragment the soil-tree continuum, making it difficult to capture the full picture. In this study, we
explored whether natural electrical signals—known as self and electrodic potentials—can serve as reliable
proxies for water movement and biogeochemical reactions across the soil-tree continuum. We compared
passive electrical measurements with standard observations of water moving through a tree by data known as
sap flow, soil moisture, and carbon dioxide released by soil, or soil respiration. We found that daily patterns and
event-driven fluctuations (e.g., wildfire smoke) in electrical potential are driven by the interplay between water
transport from soil to tree, soil respiration, and tree-related biochemical processes. This study shows that passive
electrical methods provide a simple, non-invasive way to monitor the dynamic interactions between soil and
trees. They offer a promising new tool to track how forests respond to environmental stress and change.

1. Introduction

Water availability for trees is governed by the complex interplay of atmospheric demand (Hogg & Hurdle, 1997,
Venturas et al., 2017), subsurface moisture dynamics in soil and rock (Brantley et al., 2007; Callahan et al., 2022),
and physiological regulation (Affortit et al., 2024; Buckley, 2019; Carminati et al., 2013, 2016; Williams & de
Vries, 2020). To understand forest resilience in response to climate-driven and environmental stressors—
including wildfire (Abatzoglou & Williams, 2016), drought (Gosling & Arnell, 2016), pest outbreaks
(Teshome et al., 2020), and sea level rise (Kirwan & Gedan, 2019)—it is essential to integrate concurrent ob-
servations of water fluxes across the soil, root, and trunk continuum with leaf-to-root physiological measurements
and rhizosphere dynamics under diverse meteorological conditions. However, such above- and below-ground
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hydrologic and physiological measurements are rarely collected at the same time, inhibiting the ability to quantify
how external changes trigger tree responses, and how these processes feedback on water availability and
biogeochemical reactions.

Various sensors and approaches have been developed to measure water or biogeochemical fluxes of the soil-root-
trunk compartments, which leads to fragmenting of this continuum. In terms of water fluxes, instrumentation
exists to monitor soil moisture at the point scale, including time- or frequency-domain reflectometry (e.g., Ojo
et al., 2015; Walker et al., 2004), neutron probes (Evett et al., 2009) and tensiometers (e.g., Campbell, 1988;
Spaans & Baker, 1992). In the tree itself, water fluxes can be estimated using sap-flow measurements in the trunk
(e.g., Marshall, 1958) or in the roots (e.g., Fernandez et al., 2001), and indirectly using methods such as den-
drometers (e.g., Sevanto et al., 2008). In terms of physiological response, the acquisition of a tree's ecological and
physiological parameters relies on selective sampling of above- or below-ground parts of the tree (e.g., Peters
et al., 2020). In the subsurface, soil-redox monitoring is used to track biogeochemical reactions (e.g., Mat-
tila, 2024), CO, monitoring can capture soil and root respiration (Raich, 1998; Raich & Tufekciogul, 2000), and
laboratory analysis can provide information on soil and soil-water geochemistry (e.g., Bowman et al., 2023;
Cooper et al., 2022; DiDonato et al., 2024). This non-exhaustive list of methods cannot capture soil-root-trunk
continuum complexity because they measure one part of the system; additionally, some measurements are
labor-intensive. New approaches that allow us to capture key processes at the interfaces of the soil, root and trunk,
and to make those measurements continuously over time may help us to map and measure process-based con-
nections and feedbacks along the soil-tree continuum.

Geophysical methods may offer proxies for measuring water fluxes and biological processes beyond the point
scale (Dumont & Singha, 2026; Loiseau et al., 2023). Electrical resistivity tomography has been used to quantify
diel fluctuations in trunk water storage (Guyot et al., 2013; Harmon et al., 2021; Wang et al., 2016), or to image
both soil and trunk water storage together (Attia al Hagrey, 2007; Mares et al., 2016). Although electrical re-
sistivity monitoring largely does not capture biogeochemical processes, recent studies have demonstrated the
potential of electrical or impedance spectroscopy methods to quantify root-wall thickness and root area (Ehosioke
et al., 2023; Peruzzo et al., 2021), and to monitor root water uptake and root adaptation to stress (Cseresnyés
et al., 2024). The operational complexity and current injection requirements of both resistivity and spectroscopy
methods elevate maintenance needs and failure risk, hindering their applicability for long-term monitoring in
remote environments.

Rather than inducing currents, passive methods that measure electrical potentials naturally occurring at or between
electrodes can be used to look at a variety of processes. A commonly used passive electrical measurement is self-
potential (SP), which uses two non-polarizing electrodes, thus avoiding electrical signals generated at the interface
of the electrode by electrochemical reactions. SP has been used to quantify electrical potential induced by soil
hydraulic potential occurring in forested systems (e.g., Voytek et al., 2019); however, measured voltages can also
be generated by temperature (Hermans et al., 2014; Revil et al., 2016), ionic diffusion (Hu et al., 2020; Niu &
McDavid, 2025), and redox gradients when electron conductors exist in the investigated medium (Guo et al., 2024;
Revil et al., 2010). Another passive electrochemical measurement is electrodic potential (EP), where a metallic
electrode is combined with a non-polarizing reference (Atekwana & Slater, 2009). EP measurement captures the
tendency of electrochemical reactions to occur in the vicinity of the metallic electrode (Slater et al., 2008). This type
of measurement has been used to monitor soil-redox reactions (Personna et al., 2008; Slater et al., 2008; Zhang
etal.,2010) and sap flow in trees (Ghildiyal et al., 2025; Zapata et al., 2020). It is important to note that SP and EP do
not investigate the same volumes and processes. SP non-invasively provides information on processes internal to
the medium between the electrodes, while EP primarily captures the electrochemical state at the electrode.

SP and EP are sensitive to water fluxes, temperature variations, and chemical and redox gradients that make them
a complementary tool to monitor both ecohydrological and biogeochemical processes. However, untangling the
different processes controlling the electrical potential measured along the tree-soil continuum is difficult. Pre-
vious studies in the soil-vegetation continuum largely focus on the interpretation of electrical potential related to
water fluxes (Hu et al., 2025; Loiseau et al., 2023; Voytek et al., 2019). Here, we explore the applicability of SP
and EP in combination to look beyond water fluxes and record physiological responses of Douglas-fir (Pseu-
dotsuga menziesii) to daily and seasonal changes. To achieve this goal, we seek to address two primary chal-
lenges: (a) developing a conceptual electro-hydro-biogeochemical model and (b) identifying appropriate
protocols to monitor water fluxes and biogeochemical reactions using passive electrical methods.
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2. Self- and Electrodic-Potential Monitoring of the Soil-Tree Continuum
2.1. Passive Electrical Method Theory

In the field, an electrical potential (A, differences in voltage) is measured with a high-impedance voltmeter or
datalogger between a reference, ¢,¢, and a potential, ¢;, electrode such that:

A(p = Qi — Pret- (1)

These measurements capture two types of potentials: (a) the electrodic potential (EP) induced by electrochemical
reactions in the vicinity of the electrodes and (b) the self-potential (SP) related to the electric field naturally
occurring in the medium between the two electrodes (Jougnot & Linde, 2013):

Ap = (9" + 1) = (0 + Pret)- @

In the following part, we present the theory of EP and SP as well as the type of electrodes used for passive-
electrical measurements. The choice of electrode is critical, as SP measurements depend on non-polarizable
electrodes to ensure a stable and identical electrodic potential at both ends of the measurement circuit such
that only AgS’ is measured.

2.1.1. Electrodic Potential

The EP of an electrode composed by the metal M is controlled by the ion-metal electrochemical equilibrium such
as M= M"" +ne~, with M"* defining the cations reacting with the metal, n the valence charge, and e~ the
charge exchanged. For a single ion-metal pair, the modified Nernst equation can be used to estimate the EP at the
metallic electrode, ¢®F (Jougnot & Linde, 2013):

kgT,
o = o), + B Kln{M”} ?3)
ne,

where ¢, is the standard potential of the metal M within a solution with a concentration of M™* at 1 mol-L™"
(mV); kg is the Boltzmann constant (1.3806 X 10722 J K™Y, Tk is the absolute temperature (K); ¢, is the
elementary charge (1.6 x 107" C); and {M"*} is the ionic activity of the cation associated with the metal. For a
composite metallic electrode, the overall EP results from the combination of the electrochemical potentials
associated with each ion—metal pair.

2.1.2. External Current Sources

Self-potentials are induced by electrical fields, E (V m™"), generated by current density sources, Js (A m™2) from
natural processes occurring inside the studied medium:

J=0cE+Js @)

where o is the bulk electrical conductivity of the medium (S m™"). In natural environments, current density is
related to four different sources: (a) electrokinetic (Jgk), (b) redox (Jrp), (¢) electro-diffusive (Jgp) and (d)
thermoelectrical (Jpgp) (Figure 1). Below, we describe the mechanisms driving these four sources.

In a non-dry porous medium, the surface of all minerals is in contact with an aqueous solution. Under typical
environmental pH conditions, there is often a negatively charged surface where some cations from the aqueous
solution are weakly or strongly sorbed, forming the Stern layer. The sum of charge at the mineral surface, the
Stern layer, and the outer diffuse layer is zero, creating an excess of charge, 0, (C/m?) in the diffuse layer
(Figure 1a). This excess of charge is induced by the attraction of anions in the diffuse layer while cations are
repelled in the free pore water. Water flows drag this excess of charge, inducing an electrokinetic source (Gindl
et al., 1999; Revil & Jardani, 2013) that is proportional to the water flux vector, U (m/s):

Jex = @, X U. (5)
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Figure 1. Schematic view of the four current-density sources generating a positive signal between a reference electrode
(SPggp) and a measurement electrode (SPyg): (a) electrokinetic, (b) redox, and (c) electro-diffusive and thermoelectrical.
The matrix is represented in dark gray with negative charges, the Stern layer in lighter gray with positive charges, and the
diffuse layer in light gray. The sketch represents the conditions to generate a positive electrical potential with a reference at
the left and the measurement electrode at the right. The (+) and (—) signs in the fluid represent cations and anions,
respectively.

The excess charge depends primarily on the material's permeability (Jardani et al., 2007) and the degree of
saturation in unsaturated settings (Soldi et al., 2018). Jougnot et al. (2012) provide more details about electro-
kinetic sources, including a mathematical formulation, and Hu et al. (2020) describe a case study modeling
electrokinetic sources.

A current-density source called the redox source, often referred to as a geobattery, can be generated when an
electron conductor (a mineral or a biotic conductor) crosses a strong redox gradient (Bigalke & Grabner, 1997,
Sato & Mooney, 1960). Electrical potential has a reverse directionality to the redox potential (Arora et al., 2007;
Figure 1b):

Jxp ~ — 6VE, (6)

where VE), is the redox gradient between the reference and the measurement electrodes. This redox electrical
potential can range up to a few hundred mV while electrokinetic sources produce signals of several tens of mV
(Arora et al., 2007; Rittgers et al., 2013).

Third, electro-diffusion sources are generated by chemical gradients in the pore water. Chemical gradients induce
diffusion from high-concentration to low-concentration areas (Figure 1c). Not all ions diffuse at the same rate;
ions with smaller hydrated radii will diffuse more quickly than those with larger radii. Diffusion electrical po-
tentials are generated if ions of opposing charge have differing diffusion rates and result in the unbalanced
movement of charges. Anion- and cation-diffusion rates are captured by the Hittorf number, where T, is the
macroscopic Hittorf number for cations and 7{ _) is the macroscopic Hittorf number for anions. The macroscopic
Hittorf number corresponds to the fraction of electric charge carried by ions of the same polarity in the pore fluid,
often due to differences in the ionic radius. The relative values of T( ) and T(_y determine the polarity of the
source-current density defined as:

kTy

Jep = —

where a is the pore-water activity. If 7. is greater than 0.5, then Jgp, is negative, while if T, is less than 0.5,
Jep will be positive (Revil et al., 2016).

The final current-density source is the thermoelectric effect, which refers to an electrical-potential gradient
generated by a temperature gradient between two electrodes (Figure 1c). Cations and anions diffuse between
high- and low-temperature regions (Revil et al., 2016). The thermoelectric effect is typically characterized by a
thermoelectric coefficient ranging from —0.7 mV/°C to 1.4 mV/°C, with an average of 0.2 mV/°C (Zlotnicki &
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Nishida, 2003). The magnitude of this coefficient depends on the fluid salinity and the grain size of the porous
medium (Revil et al., 2016).

The four current-density sources have an additive contribution in the generation of electric current. We can then
combine Equation 1 with the continuity equation, V -J = 0, to relate the potential difference measured in the field
from the four source currents and the electrical conductivity of the ground:

V-(6Vep) = V- (Jgk + Jrp + J1eD + JED)- ¥

Because of the combined influence of these four distinct current-density sources, other supporting observations
are needed to reliably disentangle the individual contributions of each process to the SP signal measured in the
field.

2.1.3. Electrodes for Passive Electrical Measurements

Electrode choice critically determines the sensitivity of passive electrical methods to either EP or SP signals.
When a metal electrode is in direct contact with the surrounding medium, it becomes sensitive to local elec-
trochemical conditions and EPs are recorded. To prevent this sensitivity, the metallic wire of a non-polarizable
electrode is immersed in an internal electrolyte housed in a plastic or ceramic tube, with external contact through a
porous tip (Petiau, 2000). A measurement between two non-polarizable electrodes with identical electrolytes
allows us to subtract out the EP component and only capture the SP signal. Nevertheless, electrolyte leakage or
contamination, which modifies the internal electrochemical conditions of a non-polarizable electrode, has been
reported by several studies (Hu et al., 2020; Jougnot & Linde, 2013), potentially leading to signal drift. For field
monitoring, the electrolyte within the non-polarizable electrodes needs to be electrochemically stable over a long
period of time, perhaps weeks to years. To ensure this condition, the electrolyte is typically mixed with mud or a
gelling agent in a long electrode (104 cm), limiting the electrolyte leaking or diffusion of ions within the electrode
(Petiau, 2000). Installing long electrodes on trees is technically challenging given their size and maintenance
requirements; metallic electrodes are better suited as they involve simpler deployment.

In the field, three configurations of passive electrical measurements are possible: (a) two metallic electrodes,
where the measured signal mainly reflects the differential electrochemical state at each contact (@FF-pER); (b) one
metallic and one non-polarizable electrode, which is primarily affected by the local electrochemical state at the
metal electrode as the reference is considered stable over time (qofp); and (c) the use of two non-polarizable
electrodes, which—assuming they remain electrochemically stable and identical—allows the measurement of
SP signals (¢P-¢3F). In the first two configurations, both EP and SP signals are recorded, whereas the third
configuration is designed to capture only the SP signal. We classify any measurement involving at least one
polarizable electrode as an EP measurement, reflecting the dominance of the EP component while retaining SP
contributions. Conversely, SP measurements employing two identical non-polarizable electrodes are specifically
designed to remove the EP contribution and isolate the SP component.

2.2. A Soil-Root-Trunk Electro-Hydro-Biogeochemical Conceptual Model

This section presents a conceptual electro-hydro-biogeochemical model showing how passive electrical methods
(SP and EP) can be used for monitoring key ecohydrological and biogeochemical processes in the soil-root-truck
continuum (Figure 2a).

2.2.1. Hydrological Processes

The first current-generating process is water flow (Figure 1a), both in the tree and soil. Figure 2 During the day,
tree transpiration drives the water potential gradient from the soil to the atmosphere that generates upward sap
flow through the xylem tissue (Holttd et al., 2006; Joshi et al., 2022; Figure 2a) while decreasing sapwood
saturation and soil moisture around the root system; this process generates a water potential gradient in the soil
(Figure 2b). When transpiration stops during nighttime hours, the tree-water uptake and sap flow continue to
recharge the stem water deficit caused by daily transpiration until the water-potential gradient comes into
equilibrium between the aboveground stem and belowground root system (Chen et al., 2018; Forster, 2014).
When sap flow reaches a minimum, the water potential gradient in the soil could induce water flow through the
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root system. This passive flow, called hydraulic redistribution, may persist until increasing atmospheric demand
at dawn exceeds the soil water potential gradient (Neumann & Cardon, 2012; Figure 2c).

Previous studies show that soil and tree water fluxes through porous media or tree and root xylem generate
positive electrical potentials along the flow paths due to electrokinetic sources (e.g., Voytek et al., 2019 for soil
fluxes and Zapata et al., 2021 for sap flow). In trees, the electrical potential, generally measured using a metallic
electrode, is primarily related to the EP (hundreds of mV). The measured potential's temporal fluctuations may
stem from internal water fluxes generating redox changes at the electrode—wood interface, or an electrokinetic
source. During the day, tree-water uptake drives water movement from the soil to the leaves or needles, generating
an excess of charge inducing an electrical field, extending from negative potentials in the soil to increasingly
positive potentials along the upward flow path (Figures 2b and 2d). Consequently, daytime SP or EP signals
should be positive when the reference electrode is placed downstream (e.g., deep in the soil) and the measurement
electrode upstream (e.g., in the shallow soil closer to the root network or within the tree). At night, tree-water
uptake is reduced, minimizing electrokinetic sources. However, hydraulic redistribution induces water flows
from the root to the soil, which should generate negative SP signals in the electrode setup described before (from
the root to the soil; Figures 2¢ and 2e). During the summer, declining sapwood saturation and increasing solute
concentration are expected to modify the EP and SP signals associated with water flux, potentially generating a
seasonal trend.

2.2.2. Redox Processes

Redox conditions along the soil-tree continuum are complex and have not been well-explored in the literature to
date. Most of the limited studies using EP in trees focus on electrokinetic sources without considering the redox
source (Hu et al., 2025; Zapata et al., 2020); however, redox gradients can generate a geobattery and EP signals
(Figure 1). While EP is directly sensitive to redox-state variations at the measurement electrode, biogeobatteries
can generate an SP signal if a metallic or biotic bridge allows electron movement. In trees, the plasma membranes
and xylem play the role of a biotic conductor for internal tree redox reactions (Levengood, 1970; Tattar &
Blanchard, 1976). Consequently, it is possible that root xylem or biofilms might create a biotic bridge for electron
exchange between zones with different redox potentials across the soil-tree continuum, generating a bio-
geobattery (Fachin et al., 2012; Guo et al., 2024).

Physiological processes modify a tree's internal redox potential by generating biochemical reactions triggered by
light, like photosynthesis, or by biotic and abiotic stresses, like systemic signaling (Miller et al., 2008). For
example, in leaves or needles, photosynthesis is a high-rate redox metabolic process that generates reactive-
oxygen species as natural byproducts (Dietz et al., 2016; Foyer & Noctor, 2005), but these variations in redox
potential are located in the leaves and are naturally compensated by cellular homeostasis (Scheibe et al., 2005).
Biotic and abiotic stresses trigger systemic signaling combining hydraulic (Christmann et al., 2007), redox
(reactive-oxygen species; Miller et al., 2008), chemical (e.g., Ca2+; Choi et al., 2014) and electrical signals
(Szechyniska-Hebda et al., 2010) that may produce measurable voltages. Although systemic signaling has been
primarily studied in the leaves of herbaceous plants, recent studies have captured these processes at the whole-
plant scale (Choi et al., 2017; Peldez-Vico et al., 2022). In such cases, systemic signaling primarily travels
through the phloem but can also influence xylem biochemistry, particularly through reactive-oxygen species-
mediated pathways (Gaupels et al., 2017; Huber & Bauerle, 2016; Peldez-Vico et al., 2022; Ros-Barceld
et al., 2006). Several studies have also demonstrated that electrical signaling can generate voltages up to 50 mV
(Szechyniska-Hebda et al., 2010; Zimmermann et al., 2009) for a few seconds up to half an hour (Choi et al., 2014;
Huber & Bauerle, 2016; Miller et al., 2008). As such, systemic signaling may generate electrical potentials due to
the variations in the redox state of sap. These electrical potentials should mainly occur as high-frequency transient
events without consistent diel patterns, while the other SP and EP signals likely have diel trends based on the
model introduced throughout this section.

Figure 2. Conceptual electro-hydro-biogeochemical model of the soil-root-trunk continuum. (a) The four main ecohydrological processes and associated measurements
explored here are: 1) photosynthesis, 2) tree-water uptake, 3) hydraulic redistribution, and 4) root and soil respiration. On the left of the tree, the proposed geophysical
set-up is presented with SP electrodes in the soil, and EP electrodes in the root at the base of the tree and on the trunk. (b) A zoom in of soil-root processes during the day
and (c) night highlights water fluxes, microbial and root respiration, and gas diffusion. A simplified representation of the voltage field in the soil generated by
electrokinetic and redox sources (d) during the day and (e) night is represented in color.
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In soil, redox potentials are generated by biogeochemical reactions such as soil respiration, which is driven by soil
temperature as well as moisture in unsaturated conditions (Hanson et al., 2000). In natural soils, the redox po-
tential spans a wide range, from high values under oxic conditions (where O, is the dominant electron acceptor) to
low values under strongly reducing conditions (where CO, is reduced to methane; Husson, 2013). A primary
process controlling soil CO, is heterotrophic respiration, which involves electron transfer to generate energy
within living cells (Ben-Noah & Friedman, 2018). Soil heterotrophic respiration is the combination of root and
microbial respiration, which together alters the soil redox potential (Hanson et al., 2000). The impact of soil
respiration on soil redox depends on CO, diffusion toward the atmosphere, and oxygen renewal in the soil. The
efficiency of these gas exchanges is influenced by soil depth, moisture content, and root architecture. In the upper
soil, oxygen concentrations remain close to atmospheric levels (~20%) due to efficient exchange with the at-
mosphere. However, soil aeration—decreasing with depth—and increasing soil moisture reduces oxygen and
CO, diffusion (Ben-Noah & Friedman, 2018), which leads to a progressive decrease in redox potential with depth
(Zhang & Furman, 2021). Also, soil respiration is stronger near the root network due to the close coupling be-
tween root and microbial activity (Bond-Lamberty et al., 2004). The interconnection of root and microbial
respiration, as well as the control of soil properties on gas diffusion, generate redox gradients in the soil during the
day (Hanson et al., 2000; Figures 2d and 2e).

The diel pattern of soil respiration follows the transpiration rate with increased activity during the day, decreasing
the soil's redox state (Figures 2b and 2d; Ben-Noah & Friedman, 2018). At night, reduced transpiration leads to
decreased root respiration, allowing oxygen concentrations in the soil to increase, which raises the redox potential
(Ben-Noah & Friedman, 2018; Husson, 2013; Zhang & Furman, 2021; Figures 2¢ and 2e). Thus, it can be inferred
that soil respiration generates a negative redox gradient toward the center of the root system during the day. If the
roots create biotic bridges along this negative redox gradient, this should induce a positive SP signal in the
previously described electrode setup (Figure 2a).

Finally, the redox gradient between soil and root remains, to our knowledge, unexplored. Given that both mi-
crobial and root respiration consume oxygen and release CO,, a local decrease in redox potential is expected with
respiration. Root homeostasis may actively regulate a root's internal redox potential. This might generate a redox
gradient between the more reduced soil (more negative potential) and the root (more positive potential). Such a
redox gradient could induce a negative electrical potential difference between the soil and the root. During the
night, the soil redox gradient, as well as the gradient between the soil and the root, increases as oxygen diffuses
within the soil and the root system.

2.2.3. Thermoelectric and Electro-Diffusion Sources

The thermoelectric and electro-diffusion sources correspond to electrical potentials induced by ion movement
generated by increased ion collisions due to higher chemical concentrations or temperature gradients,
respectively. To be measured, ions need to move from the reference electrode to the measurement electrode
within pore water in the soil and/or in the sap within roots or stems. In unsaturated soils, ion diffusion, which
is controlled by the volumetric water content (VWC) and tortuosity (Tokunaga et al., 2017; Zhuang
et al., 2024), is reduced at low soil-moisture content (Yang et al., 2024). Thus, ion diffusion generated by
thermoelectric and electro-diffusion in unsaturated soils is unlikely to generate measurable electrical potentials
between electrodes in the soil. Additionally, water fluxes and ion diffusion occur symplastically or via
transmembrane processes in the trunk and roots (Javot & Maurel, 2002). Diffusion barriers exist to ensure a
tighter control of water and solute fluxes in the tree (Nawrath et al., 2013), which should also limit the
generation of electrical potential by electro-diffusion. In comparison, physiological processes such as systemic
signaling induce cell-to-cell chemical waves, where the information passes from one cell to another without
chemical diffusion (Peldez-Vico et al., 2022). We consequently suggest that the electrical potential generated
from thermoelectric and electro-diffusion sources is small in comparison to the other two possible electro-
kinetic and redox sources.

2.2.4. Geophysical Monitoring of the Soil-Root-Trunk Continuum

We introduce a combined use of EP and SP measurements to monitor the coupled ecohydrological and
biogeochemical dynamics of the soil-tree continuum, with the following working hypotheses.
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EPtrnk and EProot, defined as the potential difference between a metallic electrode in the trunk or root and a
non-polarizable reference in the soil, reflect both diel sap-flow variations and seasonal biochemical shifts near
the electrode. By using a non-polarizable soil reference electrode, we prevent the measured signal from
combining two EP contributions. As a result, EPtrnk and EPrgor can be interpreted as the sum of the elec-
trode's electrochemical potential and the SP signals between the soil and the trunk or the root, respectively.

SPsyar, and SPyggrt, based on measurements between shallow horizontal and vertical non-polarizable elec-
trodes, are expected to reveal spatial patterns of root water uptake and may additionally respond to respiration-
driven redox gradients—assuming the xylem or biofilms facilitate electron transport.

This dual monitoring strategy is designed to resolve the interplay between water fluxes and redox activity across
temporal (daily to seasonal) and spatial (vertical/lateral) scales in the root—soil interface.

3. Field Experiment Methods
3.1. Study Site

We tested our electro-hydro-biogeochemical conceptual model at WS10 of the H.J. Andrews Experimental Forest
in western Oregon, USA. Located in the Cascade volcanic range, the elevation of this 0.1 km* watershed spans
from 480 to 565 m, with 27°—48° slopes (McGuire et al., 2007). The substratum is composed of andesitic tuffs and
breccias with a weathering profile. At the surface, the soil is a Mesic Andic Humudepts, which covers a weathered
saprolite layer (Harr & McCorison, 1979). After being clear cut in 1975, it was replanted with a Douglas-fir
(Pseudotsuga menziesii) monoculture. The climate is Mediterranean with a wet winter; approximately 80% of
the 2,220 mm of precipitation falls between October and April (McGuire et al., 2007). We instrumented four sites
in the summer of 2023 to explore the replicability of the proposed geophysical monitoring methodology. A
wildfire starting August 7th prevented any field maintenance until the fall; however, all of the SP and EP in-
struments were working correctly from installation on the July 10th until 31 August 2023, when they shut down
due to the lack of solar power associated with smoke. Soil monitoring was limited by instrumental issues and only
one factory-calibrated soil moisture, soil CO, and soil temperature instrument recorded data during the summer of
2023. Here, we present the results for sites with both geophysical and environmental monitoring, while the Text
S1 in Supporting Information S1 presents the different sites and compares the replicability of geophysical
monitoring.

3.2. Self- and Electrodic-Potential Monitoring

We used a Campbell CR1000 high-impedance datalogger to monitor electrical currents measured in the soil with
Petiau Pb/PbCl, SP electrodes (SDEC PMS 9000, 180 mm in length; Petiau, 2000). Our setup measured potential
differences between all single-ended electrodes and the reference electrode connected to the CR1000's ground.
The reference SP electrode was installed vertically in the soil at depth of 120-130 cm and connected to the
CR1000 ground to make single-ended measurements. Three other SP electrodes were installed horizontally, two
near the surface at the limit between soil horizons O and A, and one at depth (120-130 cm) at the surface of the
saprolite (Figure 2). On the tree, two stainless steel screws, 50 mm in length, were embedded into the trunk at the
boundary between the bark and the sapwood to primarily measure EP signals and the potential SP contributions.
The screws were located (a) on a major root, and (b) 2 m above the ground (Figure 2a). The screws were protected
from the weather with liquid electrical tape. During the installation on the trunk, the bark and the living cambium
were removed so that the screws could be inserted directly into the sapwood. The diameter at breast height (DBH)
of the three trees is 27.9 cm, with an estimated sapwood thickness of 4.1 cm (according to the model presented in
Lassen & Okkonen, 1969). The screw is therefore expected to be predominantly located within the sapwood,
although the tip may extend slightly into the heartwood. We do not expect the tip entering the heartwood to
influence the measured signal. Stainless screws are composed of different metals and the soil aqueous solution is
composed of a mix of cations, making the estimation of EP signals related to the redox state difficult. Instead, we
focus our interpretations on qualitative interpretations of the daily and seasonal variations.

Because we use single-ended electrodes, all measurements were made as a function of one reference electrode.
Taking measurements with respect to one unique reference electrode speeds the deterioration of the internal
electrochemical equilibrium of the reference, generating a systematic bias in all the measured potentials. To
minimize this effect, we differenced out the reference electrode by subtracting the electrical potentials measured
at two different electrodes, a and b, such that SP = ¢, — ¢,, with ¢, the electrical potential of the measurement
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electrode, and ¢, the electrical potential of the new reference electrode. Using this equation, we calculate the two
SP signals: SPgya;. measured between two SP electrodes installed in the shallow soil at the interface between the
O and A horizons, with the electrode farthest from the tree serving as the reference and the electrode closest to the
tree as the measurement electrode; and SPygrr, measured between two vertically aligned electrodes, with the
deeper electrode serving as the reference and the shallower electrode as the measurement electrode (Figure 2a).
EP signals were calculated using the deep SP electrode in the soil as a reference and the root EP electrode for
EPgroor or the trunk EP electrode for EPtrnk (Figure 2a).

3.3. Environmental Data Monitoring

We also monitored multiple environmental data on weather, tree, and soil hydro-biogeochemical variations to
constrain our interpretations. We used weather time series to capture variations potentially impacting ecohy-
drological and biogeochemical processes. Because no weather station was installed in WS10 given the steepness
of its slopes and the dense tree coverage, we used the precipitation, air temperature, solar radiation, air vapor
pressure deficit (VPD), and wind speed from the H.J. Andrews PRIMET climatic station (Daly et al., 2025; Daly
& Rothacher, 2025), which is located less than 1 km away from WS10 (Figure S4 in Supporting Information S1).

We used trunk and root sap velocity data as a proxy for the sap fluxes related to transpiration and tree-water
uptake. We used a heat-ratio method based on heat-pulse velocity because of its ability to detect slow and
reverse flows (Burgess et al., 2001). This method is based on temperature monitoring with two sets of thermo-
couples, one downstream and one upstream of the heating element connected to a CR1000 Campbell datalogger.
The thermocouples, installed at 1.3 m above the ground, are 2.5 cm long with an inner and outer sensor 1 and
2.5 cm away from the cambium, respectively. The inner sensor sap velocity was processed to adjust the zero-flow
offset using a double regression based on the lowest daily sap velocity over the entire length of the data with a 10-
day moving window (Merlin et al., 2020). The sap velocity was further corrected using the wood and sap thermal
properties using Burgess et al. (2001) equation. Sap velocity was not measured in the same trees as the EP signals
to avoid any biogeochemical feedback from sap velocity instrumentation (stainless steel probes) and its heat pulse
in EP signals. The tree instrumented for sap flow, located within 5 m of the EP tree, has a DBH of 30 cm. In Text
S2 of Supporting Information S1, we demonstrate that the diel patterns of site-specific sap-flow measurements are
consistent and that using any of these data would lead to the same interpretations.

To constrain subsurface ecohydrological processes, we installed CO,, soil temperature, and soil moisture sensors
(Figure S5 and S6 in Supporting Information S1). Soil moisture was used to constrain tree-water uptake and
hydraulic redistribution, while soil CO, was used as a proxy of the root-soil respiration. We installed one Sentek
Drill & Drop (Sentek Pty Ltd, Stepney, SA, Australia) soil moisture and temperature sensor, which collected data
every 10 cm over 90 cm within 2 m of the monitored tree and the SP electrodes in the soil. Soil temperature and
VWC sensors were installed between June 15th and 15 July 2023, and all the sensors were reinstalled on July 27th
to improve the contact between the sensors and the soil and thus the quality of VWC monitoring. Finally, a CO,
sensor (GMP252, Vaisala, Helsinki, Finland) was installed 20 cm deep and collected data from July 28th to
August 31st. The location of environmental data is presented in Text S1 of Supporting Information S1.

3.4. Data Processing and Time Correlation Analysis

To analyze this multidisciplinary data set, we first standardized all variables to a consistent temporal resolution.
Atmospheric and sap-flow measurements, originally recorded at 15-min intervals, were resampled to a 10-min
frequency. We then applied a moving average with a seven-point window to smooth the data and remove
high-frequency noise.

To test our proposed conceptual model, we developed a time-correlation analysis allowing us to assess correlation
strength and potential time lags between geophysical and environmental time series. First, we remove the sea-
sonal trend to ensure the stationarity of the time series. To do so, we estimate a linear trend and remove it from the
data. Second, the range of variations and the units of environmental and geophysical data were different, so we
applied z-score normalization to standardize each data set. For example, to calculate the z-score of EP;’(‘;OT, we

extract daily EP% . data for each day d:
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where pigpe and oppe are the mean and standard deviation of the EPgqqy daily data; the z and d superscripts

stand for z-score and daily, respectively. The time correlation is evaluated using a Pearson correlation coefficient,
its p-value, and the lag between the two time series. The lag values were not used to adjust or shift the data. They
were solely employed to interpret the temporal relationship between the parameters.

4. Results and Discussion

Our conceptual electro-hydro-biogeochemical model was analyzed to test SP and EP signals across event-driven
perturbations (e.g., wildfire smoke) and daily fluctuations. This multi-scale approach highlights the potential of
SP and EP to capture both natural cycles and transient disturbances. The short duration of our data set restricts
robust conclusions at the seasonal and yearly scales. The comparison of SP and EP monitoring at the four sites is
presented in the Text S1 of Supporting Information S1 with identification of ecohydrological patterns in the Text
S3 of Supporting Information S1.

4.1. Event-Driven Perturbations Analysis

The event-driven perturbations analysis aims to highlight SP and EP reliability to capture ecohydrological pro-
cesses over the summer under typical conditions as well as following a wildfire that modified the solar radiation,
inducing perturbations that affected multiple data streams starting on August 14th (Figure 3).

Sap velocities, both in the tree and root, were elevated until the wildfire smoke reached the site (Figure 3a). Sap
velocity decreased on rainy days, for example, on August 4th and 5™, and after the smoke reached the site.

In the soil, the VWC at 10 cm depth gradually decreased over the season, showing a slight increase every night
likely due to hydraulic redistribution (Figure 3b). During rainfall, the soil VWC decreased more slowly, as can be
seen on August 5th and 6th. Diel cycling exhibited lower amplitudes on August 17th and 29th, which could be
related to a decrease in tree-water uptake (Figure 3a) triggered by lower VPD. The soil respiration, monitored by
CO, concentrations, showed notable fluctuations during the summer (Figure 3b); however, these variations
became more sizable after the smoke arrived, with a maximum amplitude between August 14th and 17th, and a
minimum between August 22nd and 24th (Figure 3b).

The tree EPtgyk signal shows high absolute values, over 500 mV, which can be related to electrochemical effects
at the metallic electrode (Figure 3c). Its diel pattern generally tracks tree sap flow in terms of daily timing
(Figures 3a and 3c), increasing in the early morning and decreasing in the afternoon. While this behavior seems to
be driven by electrokinetic signals generated by sap flux, it could also partially result from diel changes in
sapwood electrodic potential due to variations in moisture and electrical conductivity in the trunk (e.g., Harmon
et al., 2021) or tree internal biological activity. Such hypotheses are supported by Hu et al. (2025), who
decomposed an EP signal using variational mode decomposition. They reported an SP signal driven by sap flow
that shows a diel pattern and amplitude distinctly different from the diel variations observed in the EP signal. At
the seasonal scale, the EPtrnk signal exhibits a notable increase, especially after the wildfire started, that is not
observed in the sap-velocity data. This behavior may result from biochemical reactions in the trunk, variations in
sapwood moisture, and consequent changes in tree electrical conductivity throughout the season that could
modify the redox state at the metallic electrode. With complementary measurements—such as sapwood moisture
and tree electrical conductivity time series—these EPrgyk trends could potentially be linked to tree physiological
stress responses.

The root electrical potential, EProot, exhibits an inverted diel pattern relative to root sap velocity (Figures 3a and
3c) and consistent with soil CO, concentration (Figure 3b). During the day, root respiration should decrease the
redox state of the root, inducing a drop of EPrgot according to our conceptual model. Water flows from the soil to
the root should generate a positive electrical potential. Consequently, daily variations of EPrgor might not be
related to an electrokinetic source. The link between root respiration/CO, and EPgrpor becomes particularly
evident following the arrival of wildfire smoke at the site: CO, soil levels decrease until August 23rd, then
rebound, and EPggor exhibits an inverse pattern (Figure 3b).
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Figure 3. Time-series data from July 10th to 31 August 2023 for (a) tree and root sap velocity and precipitation; (b) soil
volumetric water content and CO,; (c) EPtrnk and EPrgor, and (d) SPygrr and SPgyar . The dashed dark-red vertical line
corresponds to the start of the wildfire on August 7th, and the dashed gray vertical line is when the wildfire smoke starts to
impact the study site (August 14th). In such dry conditions, small rainfall events (<5 mm) did not generate measurable
infiltration. Much of the water was likely captured by the vegetation, making it impossible to capture infiltration with soil
moisture or SP sensors.

The shallow SPgya;. measurement appears to be responsive to diel variations of both soil VWC and CO, con-
centrations (Figure 3b). During the day, SPgy4;. and CO, increased, while the soil VWC decreased. SPgya;. might
be related to the addition of both electrokinetic and redox source, which could explain the large diel variations
(£5-12 mV). When the wildfire smoke reached the site, both SPgy;4; and CO, variations followed the same trend:
a quick decrease followed by a rebound, enhancing the potential of the redox source (Figure 3b).

During the day, when soil VWC decreased, SPygrr increased, consistent with tree-water uptake variations
(Figures 3b and 3d). During the night, SPygrt decreased as tree-water uptake stopped. Over the summer, while
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soil VWC declined, the SPygrt signal increased. Conceptually, this trend could have been explained by an in-
crease in tree-water uptake except that sap velocity decreased over the summer (Figure 3a), so transpiration does
not explain our data. Instead, the decrease in soil VWC throughout the season likely increased the electrokinetic
excess charge (Soldi et al., 2018), consequently amplifying the electrokinetic potential generated by water fluxes.

The response of SP and EP signals to wildfire smoke offers useful evidence for validating the monitoring of the
soil-tree continuum. Water-flux-related signals (EPprnk and SPygrt) exhibit only a modest decrease under smoke
exposure, consistent with sap-flow and soil moisture observations. In contrast, signals sensitive to biological
processes (EProor and SPgyar ) show pronounced variability that aligns with CO, measurements. This differential
sensitivity reinforces our interpretation of SP and EP data. It also suggests that wildfire smoke affects biological
activity more strongly than hydrological fluxes within the soil-tree continuum. While these results suggest that EP
and SP are qualitatively sensitive to the soil-tree continuum processes, we aimed to quantitatively explore the main
processes generating each electrical potential measured. SP and EP signals result from the superposition of
electrodic potential and external current sources (electrokinetic and redox sources); however, some processes may
dominate in certain systems at certain times. Consequently, we use a time-correlation analysis to identify which
processes occur simultaneously with the observed SP and EP signals, allowing us to eliminate those that are lagged
as primary contributors. If SP or EP signals correlate strongly with only one process, it would allow us to hy-
pothesize that this process is the primary source of the observed electrical potential.

4.2. Tracking Sap Flow With EPrgnik

The electrochemical state in the trunk, EPZT’];{NK, has a strong correlation through time with the tree sap velocity,

with a lag of 33 min (Figure 4a). In the morning, when transpiration begins, we see an increase in EPZT’ﬁNK; this

process naturally reverses around midday. EPZT’{{NK is also strongly correlated with the root sap velocity with a lag

of 27 min (Figure 4b). EPZT’I‘iNK is not temporally correlated with soil moisture (Figure 4c) or CO, (Figure 4d),
which suggests that this electrical potential is not generated by soil respiration and soil moisture fluxes; this result
perhaps makes sense given that the metallic electrode is in the tree trunk. In absence of other processes able to
generate significant current, we suggest that EPZT’gNK largely captures trunk and root sap flow. However, we
cannot exclude that biochemical reactions driven by water and solute fluxes in the tree may affect the amplitude

,d
of EPS-

4.3. Capturing Tree-Water Uptake and Soil Hydraulic Redistribution Using SPygrt

SPi,’éRT is expected to be sensitive to processes happening vertically in the soil. The correlation between SPZ\';]‘?RT

and tree and root sap velocity is weaker than EPZT’]‘fNK (Figures 5a and 5b), with lags over an hour long. During the
morning, SP”;}%RT increases simultaneously with both root and tree sap velocity (Figures 5a and 5b); however, at
mid-day, SP%RT stays higher longer than sap velocity, and keeps decreasing after both tree and root sap flows
cease. SPi}éRT is weakly correlated with the soil moisture content (Figure 5c), which might be related to dif-
ferences in scale given that SP integrates electrical potential over the meter scale and the soil-moisture probe

measures VWC at the point scale at 10 cm depth. Also, SP@%RT does not seem impacted by soil rewetting during
the night (between 10p.m. and 4a.m.) Two hypotheses could explain this low correlation: (a) hydraulic redis-
tribution occurs mostly in the first 20 cm of soil (Figure S6 in Supporting Information S1), which is a small
fraction of the soil investigated by SP”;}%RT measurements, and thus the electrical potential generated might be too
small compared to the volume of soil investigated to be measurable, or (b) hydraulic redistribution might generate
horizontal flows (Nadezhdina et al., 2010), which generate horizontal electrical potentials not captured by
SPf,’éRT. The time correlation with CO, is also weak (Figure 5d), limiting the possibility of a redox source. In

summary, SPi;éRT signal appears to primarily reflect daytime tree water uptake.

4.4. Monitoring Soil Respiration With SPgy,;,

The SP“;’;{I AL €lectrodes are located at the interface between O and A soil horizons, where respiration is stronger
due to higher temperature variations and oxygenation. It is also at 10-20 cm depths that hydraulic redistribution
has been captured by our soil-moisture measurements (Figure S5 in Supporting Information S1). Electrical
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Figure 4. Daily correlation scatter plots of EPZT"gNK with (a) tree sap velocity, (b) root sap velocity, (c) soil water content, and
(d) CO,. The z-scored data presented here are unitless. The most significant time correlations are highlighted by red border.
Seasonal trends were removed from the data using a linear regression, and the data were then averaged weekly and
normalized with a z-score to focus on the daily dynamics.

potential measured by SPg’g AL 18 not correlated with tree sap velocity (Figures 6a and 6b). The SP signal increases
during the day, while sap velocity increases in the morning and decreases in the afternoon. Conversely, SPg’]f[I AL 1S
strongly time correlated with both the soil moisture and the CO,; during the morning, SPZS’IfiI AL increases while the
soil VWC decreases and the CO, increases (average lag 27 and 57 min respectively; Figures 6¢ and 6d). The
strong relationship with soil VWC suggests that a part of SPg’I‘_il AL Signal is generated by electrokinetic sources
from soil-moisture fluxes, despite low correlation with sap flow (Figures 6a—6c). But SPZS’}C; AL 1s also correlated
with CO,, suggesting a potential redox source from soil respiration (Figure 6d). These two strong time corre-
lations suggest a cumulative SP signal that could explain the large diel variations of the SP;’}‘{] AL Signal (£5-
12 mV; Figure 3c). The combination of soil SP and EP measurements may be a solution to disentangle water
fluxes and soil respiration in the future. In addition, the difference in response between SPi;gRT and SPg’g AL Might
highlight the complexity of soil water fluxes induced by tree-water uptake. Tree-water uptake may principally
generate lateral fluxes in the shallow part of the soil.

4.5. Exploring Root Respiration With EPgoor

The electrochemical state measured in the root, EP%OT, shows a weak correlation with both the tree and root sap
velocity (Figures 7a and 7b), suggesting that EPﬁgOT is not related to tree and sap flow. Indeed, sap flow should

generate a positive electrokinetic potential along the water flow pathways from the soil to the root. EP%OT starts
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Figure 5. Daily correlation scatter plots of Sl’i}éRT with (a) tree sap velocity, (b) root sap velocity, (c) soil water content, and
(d) CO,. The z-scored data presented here are unitless. The most significant time correlations are highlighted by red borders.
Seasonal trends were removed from the data using a linear regression, and the data were then averaged weekly and
normalized with a z-score to focus on the daily dynamics.

to increase before the sap flow begins and then decreases during the day while the sap flows increase. During the

night, EPfggOT increases while sap velocity is minimal.

However, EPf{’gOT is significantly correlated with soil VWC (average lag 110 min; Figure 7c); we see an increase

in soil moisture simultaneously with the increase of electrical potential between the soil and the root. EPfggOT is
also negatively correlated with the CO, in the soil (average lag 45 min; Figure 7d). The strong correlation with
CO, data supports the hypothesis that soil respiration is the main contributor of the EPf{(d)OT signal. This result
suggests that the redox potential within the root decreases more than at the deeper reference electrode during the
day, consistent with higher respiration rates near the surface compared to those a meter below the surface, where
the reference electrode is installed. However, the correlation between the soil VWC drops due to tree-water

uptake and the decrease of EP%OT cannot be related to an electrokinetic source. Tree-water uptake should

generate water flows from the soil to the root, which would be expected to increase EPf{gOT, while the opposite is
observed (Figure 7¢). Two hypotheses could explain this time correlation: (a) soil moisture controls microbial
activity and related redox-potential variations (e.g., Miele et al., 2023) or (b) there is a co-evolution of ecohy-
drological processes without direct causation.

5. Conclusion and Perspectives

In this study, we propose a conceptual electro-hydro-biogeochemical model of the soil-tree continuum that in-
tegrates electrical potentials generated by EP and SP. We tested this model with ecohydrological and geophysical
data monitored during summer 2023 to estimate the ability of SP and EP methods to capture daily ecohydrological
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Figure 6. Daily correlation scatter plots of SPZS’l‘i AL With (a) tree sap velocity, (b) root sap velocity, (c) soil water content, and
(d) CO,. The z-scored data presented here are unitless. The most significant time correlations are highlighted by red borders.
Seasonal trends were removed from the data using a linear regression, and the data were then averaged weekly and
normalized with a z-score to focus on the daily dynamics.

patterns and multi-day variations induced by climatic perturbations (e.g., wildfire smoke). Our objective is to
highlight the potential of geophysics for high-frequency monitoring of water flux and biochemical reactions in the
soil-tree continuum, recognizing notable complexities in interpretation of these data. This work is a first step in
using such data in these systems and parsing the resultant signals.

To identify the ecohydrological and biogeochemical processes controlling electrical potentials in the soil-tree
continuum, we identified time correlations between geophysical and environmental time series and related
them with well-known processes. In the tree, we find that EPrrnk is most strongly correlated with sap velocity,
whereas at the root-level EPgor data are more related to soil respiration. In the soil, SPg4; responds to both tree
water uptake and soil respiration. Analysis of SPygrt seems controlled by the tree-water uptake process, but its
interpretation is difficult as it connects the shallow and deeper soils, where diel and seasonal patterns of soil water
and respiration are different. The recurrence of these signal patterns across the four sites (Text S1 in Supporting
Information S1), regardless of their distinct ecohydrological behaviors, supports the method's robustness and
potential for broader application in tracking water fluxes and biogeochemical processes within the soil-tree
continuum.

A key limitation of our study is the relatively short duration of the data set. Although we evaluate geophysical
measurement performance in capturing ecohydrological processes, including daily patterns and responses to
disturbances such as wildfire smoke, the observation period is too short to robustly assess seasonal dynamics and
long-term monitoring reliability. Nevertheless, previous studies have demonstrated that SP electrodes can
monitor soil water fluxes for at least a year (Hu et al., 2020; Voytek et al., 2019). Although EP measurements in
trees are more recent, year-long deployments have also been documented (e.g., Hu et al., 2025). The primary
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Figure 7. Daily correlation scatter plots of EP;’SOT with (a) tree sap velocity, (b) root sap velocity, (c) soil water content, and
(d) CO,. The z-scored data presented here are unitless. The most significant time correlations are highlighted by red borders.
Seasonal trends were removed from the data using a linear regression, and the data were then averaged weekly and
normalized with a z-score to focus on the daily dynamics.

constraint, similar to sap-flow probes, arises from sapwood wounding around the screw interface, which quickly
modifies wood properties around the electrode after the installation (Green et al., 2003). Another limitation is our
focus on electrokinetic and redox sources, under the assumption that ion diffusion is limited in low-saturation
soils. While Doro et al. (2022) and (Liu et al., 2022) reported large SP signals associated with microbial activ-
ity in the soil, Niu and McDavid (2025) showed that, under low water-flux conditions, electro-diffusive sources
might dominate the SP signal. New laboratory experiments generating ionic diffusion and redox-related sources
in a low-saturated soil would help to identify the dominant origin of the SP signal.

This work provides an important first step to untangle ecohydrological and biogeochemical interplays with
passive electrical monitoring. Moving ahead, SP and EP measurements could be applied in different tree and
forest types and combined with measurements of water fluxes, in the tree and the soil, and biogeochemical re-
actions, such as redox measurements. Such a setup could help to capture the interplay of water fluxes and
biogeochemical reactions in the soil-tree continuum. For instance, our findings suggest that wildfire smoke had a
stronger effect on soil respiration than tree transpiration. While trees maintain a certain level of transpiration, the
reduced solar radiation may have muted daily air and soil temperature changes, reducing soil respiration.

Going forward, laboratory or greenhouse experiments might allow for parsing the exact controls on the signals
and generate a more holistic model of the EP and SP signals. In trees, a quantitative interpretation of EP signals
requires distinguishing the electrokinetic contribution associated with sap fluxes from electrochemical variations
linked to diel changes in xylem and phloem solute concentrations. One promising avenue is the combined use of
electrodes composed of a single metal type with concurrent sap electrical-conductivity measurements. lon-
selective electrodes, especially calcium- and potassium-selective ones (Hernandez et al., 2010), could capture
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ionic-activity variations in the tree in response to water stress and climatic forcing. Another opportunity would be
the development of small non-polarizable electrodes to monitor SP signals in the tree and the roots over the
growing season. They would only capture electrokinetic signals, allowing one to extract electrokinetic signals
from EP measurements. In the soil, greenhouse monitoring of soil redox activity, soil moisture content and solute
mineralization would help disentangle electrokinetic, redox, and electrochemical signals in a biologically active
soil. The development of these tools could ultimately support our understanding of how climatic forcing in-
fluences water availability for trees, their physiological responses, and the biogeochemical dynamics of forest
soils.
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