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Abstract
The characterization by means of geophysical techniques of agricultural soils subjected to continuous irrigation cycles 
makes it possible to study the heterogeneity of a soil and the preferential pathways of water flows without disturbing soil 
and plants. A better knowledge of soil heterogeneity enables optimal water resource management in terms of crop, yield, 
and sustainability. In this study, time-lapse monitoring using electrical resistivity tomographies (ERT) is proposed as a 
reliable and non-invasive technique to quantify the movement of water flows and thus the variation of soil water content 
during the irrigation process. ERT surveys have been conducted in melon-growing soils in southern Tuscany (Italy). Five 
survey campaigns have been carried out between June and August 2022, in which ERT data have been collected by taking 
measurements before (T0), during (T1), and after (T2) the irrigation phase. The interpretation of the ERT results provided 
information on the spatial and temporal distribution of water fluxes in the soil and root zone of melons during the irrigation 
phases. The investigation made it possible to identify the preferential pathways of infiltration of irrigation water, the points 
where water is absorbed by the roots, and the points where water follows a preferential pathway instead distributing itself 
entirely below the root growth zone. Thus, this research suggests that the ERT technique can be used to evaluate the efficiency 
of the irrigation system in order to achieve optimal management of the water resource, avoiding preferential flow paths that 
lead to less water availability for the plant.

Introduction

Optimizing the irrigation system, increasing its efficiency, 
and improving freshwater management, is crucial for agri-
culture in a period of severe climate change. In 2015, the 
United Nations adopted 17 Sustainable Development Goals 
(SDGs) to achieve by 2030 a better and more sustainable 
future for all. Recently, Capello et al. (2021) developed 
the Geophysical Sustainability Atlas, which facilitates the 
understanding of the value that geophysics and remote sens-
ing techniques bring to the achievement of each SDG. Spe-
cifically, goals numbered 12—Responsible consumption and 
production, 13—Climate action, and 15—Life on land, point 

to the need to reduce water wastage through operational effi-
ciency informed by geophysical monitoring, improving and 
incentivizing irrigation systems. Geophysical and remote 
sensing tools/techniques indicated by Capello et al. (2021) 
to achieve the objectives include: 1. ground-conductivity 
mapping; 2. resistivity tomography; 3. 3D modelling; 4. sat-
ellite remote sensing; 5. UAV imagery; 6. electromagnetic-
induction surveying; 7. seismic reflection; and 8. gravity.

To date, in agriculture the drip irrigation system, or local-
ized irrigation or micro-irrigation, is considered the most 
effective method in orchard and horticulture, as it provides 
significant savings in water, electricity, and offers the pos-
sibility of injecting fertilizer during the irrigation phase (Van 
der Kooij et al. 2013; Ortega-Reig et al. 2017). Although the 
efficiency of this method is considered high (Brower et al. 
1989; Burt et al. 2000; Burton 2010), it can be reduced by 
certain conditions, such as the soil type (i.e., texture, poros-
ity, structure, and chemical component). Weather conditions, 
which are increasingly characterized by extreme events such 
as droughts, heat waves, floods, hailstorms, and long-term 
rainfall (Arora 2019; Cogato et al. 2019; Malhi et al. 2021; 
Abbass et al. 2022), can also affect the effectiveness of 
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irrigation. It is therefore essential to achieve high levels of 
irrigation efficiency to ensure the success of the crop.

Irrigation efficiency is defined as the critical measure of 
water required to irrigate a field (Howell 2003). It is mainly 
monitored by measuring the soil volumetric water content 
(VWC) (Bittelli 2011; Israelsen 1950; Vargas et al. 2021; 
Yu et al. 2021). VWC expresses the amount of water present 
in the soil in terms of weight or volume and plays a funda-
mental role in an agricultural soil, as it is one of the main 
factors involved in plant growth and nutrition (Jensen 2007; 
Bittelli 2011). There are multiple techniques commonly used 
to measure VWC, such as electromagnetic (EM) methods, 
time domain reflectometry (TDR), and time domain trans-
mission (TDT) (Bogena et al. 2017). Most of the sensors that 
measure VWC are mainly based on point measurements with 
a narrow range of investigation both in depth and spatially 
(Yu et al. 2021, Vargas et al. 2021). For this reason, in recent 
years geophysical survey techniques have also found wide 
use in the field of agriculture. In fact, they allow to obtain 
subsoil volumetric data, with significantly lower costs.

Geophysical techniques are indirect non-destructive 
investigation methods that allow to reconstruct a subsoil 
model in terms of layers and materials based on measure-
ments of the physical parameters of the ground. For exam-
ple, the seismic wave velocities allow to obtain information 
about the elastic properties, the variation of the gravity at 
local scale is related to changes in the densities, the electri-
cal (resistivity, conductivity, and chargeability) and magnetic 
(dielectric permittivity and susceptibility) variations allow to 
identify different lithologies, water, and waste (Pazzi et al. 
2019a, b). Thus, geophysics has various fields of applica-
tion, including, a) the geological and engineering field to 
identify the stratigraphy of the subsoil, to search water, to 
identify buried geological structures, to monitor environ-
mental phenomena like landslides of floods, to detect and 
track pollutants (Dezert et al. 2019; Pazzi et al. 2019a, b; Di 
Maio et al. 2020; Hussain et al. 2022; Innocenti et al. 2023); 
b) the archaeological field for the search of buried anthropic 
structures (Pazzi et al. 2019a, b; Slepak and Platov 2019; 
Hannian et al. 2021; Ronchi et al. 2023); and c) the agricul-
ture to support precision farming (Brunet et al. 2010; Garré 
et al. 2011, 2021; Blanchy et al. 2023; Cabrera et al. 2023).

As reported by Allred et al. (2008), agricultural geophysi-
cal investigations are used to characterize the top two meters 
of soil, which includes the crop root zone, and to investi-
gate soil profiles. Moreover, geophysical surveys make it 
possible to assess the impact of agricultural practices on 
the growing season to obtain important information about 
crop production (Blanchy et al. 2020). The soil can be con-
sidered as a resistive–capacitive circuit, where soil proper-
ties can influence the resistivity itself (or its inverse called 
conductivity). The resistivity, in fact, is the capacity of the 
rock/soil materials to resist the passage of a current and as 

a consequence, the conductivity is the rock/soil ability to 
facilitate the current passage. For example, a soil rich in clay 
presents lower resistivity (higher conductivity) values than 
sand or rock, presenting itself as more conductive, just as the 
presence of salt, which has capacitive behaviour, leads to the 
identification of a conductive soil (Loke 2014). Thus, Elec-
trical Resistivity Tomography (ERT) is one the geophysi-
cal methods most employed in agriculture (Blanchy et al. 
2020). Especially the inverse of resistivity, i.e., the conduc-
tivity, has not only found wide use as a proxy in the study of 
salinity (Callaghan et al. 2017; Brindt et al. 2019; De Carlo 
et al. 2020), of the water content and soil moisture (Brunet 
et al. 2010; Beff et al. 2013; Alamry et al. 2017; Vanella 
et al. 2022) but also of the soil-root interaction (Cassiani 
et al. 2015; Vanella et al. 2018; Mary et al. 2019) and soil 
texture (Blanchy et al. 2020). The ERT method estimates 
the distribution of the electrical resistivity (ER in [Ωm]) of 
the subsoil by measuring the electrical potential difference 
at different points on the ground surface. From ER data, 
electrical conductivity (EC in [S/m]) values can be easily 
obtained as 1/ER. Resistivity/conductivity is linked to vari-
ous parameters such as: texture, skeleton, salinity, porosity, 
mineral and fluid content, and degree of water saturation in 
the soil (Allred et al. 2008; Loke 2014).

In recent years, ERT has been applied with good results 
to the study and monitoring of irrigation systems in agri-
culture. For example, Vanella et al. (2022) used electrical 
tomography to monitor soil water flow in a micro-irrigated 
orange grove and found the importance of geophysical tech-
niques such as ERT in aiding irrigation system management, 
particularly in estimating the amount of water needed for 
irrigation to reduce wastage. Acosta et al. (2022) used ER 
measurements to model water content along the soil profile 
showing that the ERT technique can be a useful tool to esti-
mate soil moisture, to represent moisture zones in the soil 
profile, and to estimate the water stress coefficient. Vargas 
et al. (2021) applied electrical tomography to detect irriga-
tion uniformity and deep infiltration during irrigation dem-
onstrating that there is a relationship between ERT data and 
VWC in a soil under irrigation and that ERT images have 
been able to show preferential pathways in the distribution 
of moisture at depth.

The main research question of this study concerns the 
actual efficiency of the two-drip-wing system employed 
in a field used for growing melons. This kind of irriga-
tion system is usually installed in the upper portion of 
the mulch ridge (where the melon plants grow) with the 
two-drip-wing positioned on the top portion of a mulch 
ridge, therefore laterally and a few centimetres away from 
the melon plants. The study was carried out to evalu-
ate its efficiency in distributing the water to ensure that 
all the roots are reached and that the soil is keept above 
the capacity of the field. The analysis was carried out 
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employing the ERTs as a reliable and non-invasive tech-
nique in this kind of agricultural application. It is indeed 
essential to know the distribution pattern of irrigation 
water in the subsoil and root zone to plan the optimal 
irrigation system according to the crop and field condi-
tions and to schedule the irrigation phases.

ERT investigations have provided important insights 
to describe the soil structure, to identify the accumula-
tion of irrigation water under the root zone by exploiting 
the sensitivity of ER to VWC variation. Therefore, the 
objectives of this work are: 1) to define the degree of 
uniformity of irrigation water distribution by means of the 
ERT technique capability of identifying soil structure and 
areas of water accumulation, 2) to identify the presence of 
preferential pathways in irrigation water flows within the 
ridge of the plastic mulch film, and thus 3) to evaluate the 
efficiency of the two-drip-wing system on a mulch ridge 
in a melon cultivated field.

The test site is described in Sect. ”Study site”, while 
Sect.  “Methods” presents details about the employed 
methodology. The results of the ERT monitoring and the 
discussions of the three above-mentioned work objectives 
are presented in Sect. “Results” and Sect. “Discussion”, 
respectively.

Study site

The study has been conducted in an agricultural field used 
for the cultivation of melons (Cucumis melo) at Barbaruta 
(42.804113°N, 11.02322°E; 19 m a.s.l.) in the municipality 
of Braccagni (Grosseto, Tuscany—Italy) (Fig. 1). The sur-
vey site is characterized by sodium-rich soils. In detail, these 
are irrigated plots of land where sodium accumulation has 
occurred over time. These soils, derived from land reclama-
tion, must be maintained above the irrigation capacity of the 
field to keep crops in good condition.

The area (southern Tuscany) is characterised by a climate 
mitigated by the proximity of the sea and it has hot sum-
mers, constantly ventilated by the sea breeze from the West, 
and winters that are not particularly cold. Average annual 
temperatures are around 15 °C in the lowland areas, with 
average values around 8 °C in January and close to 24 °C 
in July. Rainfall, which is rather limited and concentrated 
mainly in the autumn period, is generally of short duration, 
sometimes in the form of thunderstorms (Fig. 2). On aver-
age, they fluctuate around 600 mm per year.

In this study, the melon plants are oriented North–South 
and positioned above a 30 cm high ridge. The space between 
one plant and the next is 1.20 m (Fig. 1c). The field is irri-
gated using a two-drip-wing system, positioned at the high-
est part of the ridge, approximately 20 cm apart (Fig. 1c). 
The drippers are 60 cm apart and have a flow rate of 1 l/h. 

Fig. 1   a Location of the study 
area near Grosseto (Tuscany, 
Italy); b red rectangles indicate 
the melon field object of the 
present study; c photo of the 
ERT profile detail along a 
row of melons; d zoom of one 
electrode
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During the study, irrigation occurred every 3 days for 3.5 h/
day, releasing into the soil 25 ml per m3 (Fig. 1c).

Methods

The time‑lapse ERT setup and the VWC monitoring 
system

ERT is an active geophysical method that provides 2D or 
3D images of the distribution of ER in the subsurface. These 
images show the variations in resistivity due to the nature of 
the soils, their structure, and degree of saturation (Perrone 
et al. 2014; Pazzi et al. 2018; Patrizi et al. 2022).

The method consists of inducing an electric current in the 
ground by means of a pair of electrodes, called current elec-
trodes, and determining the distribution of the induced elec-
tric potential field by means of another pair of electrodes, 
called potential electrodes. Thus, electrodes placed in the 
ground at a certain distance are used both to induce current 
(I) into the ground and to determine the voltage measure-
ment (V). Knowing the values of I and V and the geometric 
coefficient (k), which depends on the electrode configuration 
adopted (i.e., the four electrodes employed to measure I and 
V), the apparent resistivity value can be calculated (Patrizi 

et al. 2022). The purpose of ERT investigations is to deter-
mine the distribution of subsurface resistivity from meas-
urements of apparent ground resistivity (ρa). The apparent 
resistivity value (ρa) is defined using the following formula 
(Dahlin and Zhou 2004; Loke 2014; Perrone et al. 2014; 
Pazzi et al. 2019a, b):

However, ρa does not represent the true resistivity of the 
soil but each measure is a sort of mean resistivity value of a 
homogeneous subsoil from the top up to the depth of inves-
tigation. Thus, to obtain the distribution of the real soil resis-
tivity, an inversion process of ρa data must be carried out, 
and this is done using known algorithms (Santarato et al. 
2011; Loke 2014).

Electrical resistivity (ER) is expressed by the Greek letter 
(ρ) and is measured in [Ωm]. Electrical conductivity (EC), 
on the other hand, is represented by the Greek letter σ and, as 
already said in the Introduction, it is defined as the inverse of 
resistivity and the unit is [S/m]. Thus, high resistivity values 
are equal to low conductivity, and vice versa (Heaney 2003).

The ERT measurements have been carried out by creat-
ing a 3D grid in which the 72 electrodes have been spaced 
0.3 m apart and arranged in 3 parallel lines, 0.3 m apart 

(1)�
a
= k

ΔV

I
[Ωm]

Fig. 2   a Graph of daily rainfall and average daily temperature for 
the last 20  years (2002–2022); b Rainfall intensity and temperature 
between January, 1st 2022 and December, 31st 2022. The graph 
shows for June, July, and August 2022 (the period when the surveys 
have been carried out) an almost total absence of precipitation. Data 
have been retrieved by http://​www.​sir.​tosca​na.​it/​consi​stenza-​rete. 

Green triangles indicate when the ERT have been acquired; c Graph 
of soil temperature for the three measurement campaigns under study 
(29-6-2022; 14-07-2022; 04-08-2022). The data were recorded by the 
HOBO MX2300 Series Temp (see Sect.  The time-lapse ERT setup 
and the VWC monitoring system”)

http://www.sir.toscana.it/consistenza-rete
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and 6.9 m long for a total of 24 electrodes per line (Fig. 3). 
The electrode set up has been chosen after some test in the 
same field with different electrode configuration layouts 
(not shown here for brevity). The configuration It allowed 6 
melon plants to be incorporated into the ERT grid (Innocenti 
et al. 2022). The central electrode line (electrodes 25–48) 
has been positioned in the centre of two-drip-wing, while 
the other two lines (electrodes 1–24 and electrodes 49–72) 
have been positioned outside the irrigation system (Fig. 3).

The high-resolution 3D ERT measurements have been 
conducted in 5 campaigns at regular intervals between June 
and August 2022, applying the Time-Lapse technique (Ma 
et al. 2011; Calamita et al. 2012; Blanchy et al. 2020), i.e., 
taking measurements at different times during the period of 
interest, in this case collecting data before (T0), during (T1), 
and after (T2) the irrigation phase. This technique made it 
possible to investigate the behaviour of the soil over time 
during the various irrigation phases and during the growth 
phase of the crop. During the first campaign on June, 16th 
2022, the chosen electrode set up, has been installed so that 
they could remain embedded in the ground for the dura-
tion of the surveys, thus avoiding changing the position and 
depth of the electrodes. The set consists of 72 stainless-steel 
(304) electrodes with a length of 15 cm and a diameter of 
5 mm. During the campaign of June, 16th 2022, data were 
acquired for times T0 and T1. During the campaigns of June, 
29th 2022, July, 14th 2022, and August, 4th 2022, resistivity 
values were recorded for times T0, T1, and T2. While the last 
campaign (August, 25th 2022) only included measurement 
acquisition for time T0, as irrigation is no longer performed 
during the harvest phase. Considering the main objective of 
the work, i.e., to show the variation of EC during the irriga-
tion phase, only those measurements that recorded all three 
times are shown in this work (June, 29th 2022, July, 14th 
2022, and August, 4th 2022).

The data acquisition has been performed with a 10 chan-
nel Syscal Pro georesistivimeter (Iris Instruments, France) 
and the use of the above-mentioned stainless-steel elec-
trodes connected by multiple cables. The input voltage was 
of 800 V, the number of readings for each energisation (i.e., 
the stack range) was set from a minimum of 2 to a maximum 
of 5, and the quality factor q (i.e., the parameter to decide 

how many readings perform at each step) was of 2%. A total 
of 4950 recorded data for each dataset have been collected 
using a Dipole–Dipole electrode configuration (Dahlin and 
Zhou 2004; Loke 2014; Pazzi et al. 2019a, b; Catelani et al. 
2021) (Table 1). The acquisition of each dataset required 
about 2 h. In the optimal condition, the adopted array allows 
for a survey depth of approximately 1.15 m well beyond 
the target depth (i.e., the plants’ roots depth that is about 
0.30–0.40 m). This depth could be reduced of a 20–30% 
if the soil is too conductive because the current remains 
trapped in the conductive layer, but the target is still well 
included. The commercial software ViewLab 3D (Geostudi 
Astier S.r.l., Multi-Phase Technologies LLC) has been used 
to pre-process and to invert the geoelectrical data (Bellanova 
et al. 2020; Sendrós et al. 2020; Balasco et al. 2022). The 
software makes it possible to remove outliers, to increase the 
quality of the measurements and to calculate the frequency 
distribution of voltage, current intensity, geometric factor, 
and apparent resistivity distribution by statistically analysing 
the dataset, going on to eliminate the extremes of the tails 
of each distribution. It enables optimal data management by 
implementing Occam’s regularisation (Santarato et al. 2011; 
Binley 2015; Viero et al. 2015; Pazzi et al. 2018).

Fig. 3   a Electrode set up arranged in five parallel lines with the inclu-
sion of two plants; b Electrode set up arranged on 3 parallel lines 
with the inclusion of six plants. In both a and b the red dots represent 
the electrodes marked by red numbers and the blue dots represent the 

drip tube. The rectangles marked as A and B represent the placement 
of one 10HS probe midway between the fifth and sixth plants (A) and 
the second probe placed near the sixth plant

Table 1   ERT name, electrode distance, total number of measure-
ments acquired, number of data removed, and total number of itera-
tions required to obtain the convergence (i.e., reach a residual value 
lower than the misfit function between the field and the modelled 
data) of the inversion procedure

Name Electrode 
spacing [m]

Acquired 
data [adim]

Removed data Iteration 
number 
[adim]

T0 29-06-2022 0.3 4950 69 (1.4%) 3
T1 29-06-2022 0.3 4950 107 (2.2%) 7
T2 29-06-2022 0.3 4950 74 (2.9%) 7
T0 14-07-2022 0.3 4950 144 (2%) 7
T1 14-07-2022 0.3 4950 108 (1.7%) 9
T2 14-07-2022 0.3 4950 98 (2%) 7
T0 04-08-2022 0.3 4950 82 (1.7%) 7
T1 04-08-2022 0.3 4950 102 (2.1%) 7
T2 04-08-2022 0.3 4950 103 (2.1%) 8
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In addition, the software made it possible to create a mesh 
of square cells with a side of 0.15 cm, equal to half the 
distance between the electrodes. For each dataset a mesh of 
37,260 (69 × 27 × 20) nodes were generated and employed in 
the inversion procedure. The data from each campaign were 
inverted individually using the same mesh for all of them 
and a starting model of homogeneous resistivity of 6 Ωm. 
This initial value was chosen as the average of the 15 average 
apparent resistivity values of each dataset retrieved from the 
histogram distribution (Viero et al. 2015). It represents, in 
fact, the necessary value to be assigned to the starting homo-
geneous half-space. All inversion ERTs were carried out 
with a noise value (i.e., the error that affect field data) of 5% 
and achieved convergence, i.e., the resistivity models have 
a residual value lower than the misfit function between the 
field and the modelled data (Santarato et al. 2011). For each 
dataset in Table 1 are summarized the number of removed 
data because considered outliers and the iterations required 
to reach the convergence of the model.

The VWC has been acquired on the North portion of 
the 3D ERT grid by installing two HOBOnet Soil Mois-
ture 10HS sensors connected to a HOBO® datalogger that 
records soil moisture every 30 min (A and B in Fig. 3). The 
moisture sensor complements the ECH2O™ 10HS sensor 
and provides readings directly inVWC. The probes having 
a length of 15 cm, have been installed vertically in the soil, 
allowing the measurement of soil moisture of 0.001 m3 vol-
ume of soil, with a survey depth of 15 cm. The sensors were 
checked to ensure that the measured data corresponded to 
the water value in the soil.

The HOBO MX2300 Series Temp sensor was installed 
close to the moisture sensor located in A (Fig. 3). It recorded 
the soil temperature at a depth of 20 cm. As shown in Fig. 2c 
the soil temperature variation recorded is similar for all the 
three ERT campaign and a maximum variation of 4 °C in the 
first 20 cm depth was measured. It is known that the resistiv-
ity can not only be influenced by the temperature (Hayley 
et al. 2007; Jodry et al. 2019) but as also reported by some 
authors (e.g., Nijland et al. 2010) that a soil temperature 
variation of few degrees results in neglectable resistivity 
variations compared to those induced by the soil moisture 
variations. Therefore, in the following analysis of ERT data 
no corrections to take into account the soil temperature vari-
ation was performed.

The comparison between EC and VWC, 
and the time‑lapse monitoring

The results of the ERTs have been evaluated in the context 
of the irrigation cycle by correlating the resistivity and/or 
conductivity values with the VWC recorded by the probes 
positioned near the sixth plant included in the ERT grid and 
in the middle between plant number 5 and 6 (see Fig. 3 for 

the plans location). To estimate the relationship between ER, 
or its inverse the EC, and soil moisture, VWC data recorded 
by the Hobo 10HS probe have been correlated with ER and 
EC data. Since the probe records an averaged value of VWC 
over a depth range of 15 cm, the ER and/or EC data have 
been obtained by averaging the resistivity model values in 
the first 15 cm in the volume around the probes (A and B in 
Fig. 3). The average VWC has been calculated as the arith-
metic mean among the VWC data collected every 30 min 
during the ERT acquisition.

To better highlight the spatio-temporal EC variation from 
the ERT data, the EC percentage changes for each cell (or 
node) of the mesh that represent the investigated volume 
were calculated according to the following equation:

where EC [%] is the EC variation normalized with respect 
to the T0 values, Ti are the EC values of the inverted model 
during or after irrigation (T1 and T2 in this case) and T0 are 
the EC values of the inverted model at the initial condition 
(in this work it coincides with the time T0, before irrigation). 
These obtained EC [%] values are then shown as vertical 
slices, in the same ways as ERTs.

Results

The survey campaigns included the acquisition of 3 ERT 
measurements for all 5 campaigns, for a total of 15 high-
resolution 3D ERT profiles. However, due to logistical prob-
lems, only 12 3D ERT can be utilised and the only three 
campaigns (per month, i.e., June, 29th 2022, July, 14th 2022, 
and August, 4th 2022; see Table 2) have pre (T0), during 
(T1), and post (T2) irrigation measurements. The results of 
all ERTs are concurrent in showing a layered structure made 
of 3 layers. Figure 4 shows an example of the subsoil stra-
tigraphy identified by resistivity changes in the soil. The 
first layer (Layer 1 in Fig. 4), the superficial one, is in the 
range of about +0.30–0.00 m and represents the soil of the 
mulch fill. It is characterized by an extremely tilled silty 
clay soil and consequently has pores of a size to retain irri-
gation water. The roots of the melon plants are in this soil 
layer. The second layer (Layer 2 in Fig. 4) is identified at the 
depth between about 0.00 m (ground level) and −0.40 m, 
the maximum depth reached during tillage by plow. It is an 
extremely impermeable layer in which water accumulation 
occurs over time. Finally, the third layer (Layer 3 in Fig. 4) 
identified is in the depth range of about −0.40 to −0.80 m 
(depth reached by geoelectric measurements).

The resistivity variations have been evaluated by observ-
ing the resistivity distribution before (T0), during (T1), and 

(2)EC =
(T

i
− T

0
)

T
0

⋅ 100 [%]
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after (T2) the irrigation for each single campaign, i.e., during 
the growth phase of the crop, and subsequently the variation 
over time considering the entire duration of the cultivation 
and irrigation phase. Table 2 shows the resistivity values 
observed over time during each campaign. It is possible to 
observe that layer 2 has lower resistivity values on average 
than layer 1, and these values tend to decrease during the 
irrigation phase. The same phenomenon is observed in layer 
3, which, however, presents slightly higher resistivity values 
than layer 2. This could be caused by the presence of an 
impermeable layer in which an accumulation of water occurs 
over time and which the electrical tomography identified as 
layer 2, and that is the responsible for the decrease in the 
total depth reached by the survey.

Figure 5 shows the values of the VWC related to the two 
soil moisture sensors (A and B in Fig. 3) for the whole moni-
toring period. The peaks on the graph represent the various 
irrigations carried out. Because of a probe malfunction, data 

for the period between June, 30th 2022 and July, 9th 2022 are 
missing. Looking at the graph, the irrigation peaks show a 
constant trend over time, just indicating that these peaks are 
due to irrigation water, also confirming the absence of pre-
cipitation that occurred during the study period (Fig. 2). It 
also denotes a detachment of the VWC curve recorded by the 
probe located in the middle between two plants (orange curve 
in Fig. 5) compared to the data recorded by the probe near the 
plant (blue curve in Fig. 5). This could be caused by the roots 
retaining water by keeping the soil wetter in the surroundings, 
showing a higher VWC value than the probe located between 
two plants (orange curve in Fig. 5).

Table 2   Range of resistivity 
values of each identified layer 
for each acquisition campaign

Date Layer T0—Pre-irrigation T1—During irrigation T2—After irrigation

06/16/2022 Layer 1 7–15 Ωm 3–17 Ωm /
Layer 2 5–11 Ωm 3–11 Ωm /
Layer 3 7–11 Ωm 7–11 Ωm /

06/29/2022 Layer 1 5–19 Ωm 3–15 Ωm 3–19 Ωm
Layer 2 3–7 Ωm 3–5 Ωm 3–5 Ωm
Layer 3 3–5 Ωm 3–7 Ωm 3–7 Ωm

07/14/2022 Layer 1 11–19 Ωm 7–19 Ωm 5–19 Ωm
Layer 2 3–7 Ωm 3–7 Ωm 3–5 Ωm
Layer 3 3–5 Ωm 7–11 Ωm 7–11 Ωm

08/04/2022 Layer 1 15–19 Ωm 5–19 Ωm 5–19 Ωm
Layer 2 3–5 Ωm 3–5 Ωm 3–7 Ωm
Layer 3 7–15 Ωm 11–19 Ωm 7–11 Ωm

08/25/2022 Layer 1 15–19 Ωm / /
Layer 2 3–5 Ωm / /
Layer 3 3–7 Ωm / /

Fig. 4   Example of soil stratification detected by ERT. The section corresponds to the acquisition of July 14th, 2022 at time T2 (during irrigation) 
and is related to the central line of electrodes (25–48 in Fig. 3)
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Discussion

Relationship between ER (or EC) and soil moisture

Figure  6 shows the relationship between the average 
VWC and the ER and/or EC for each campaign and for 
each phase. Triangle, square, and dot symbols represent 
the acquisition time before (T0), during (T1), and after 

irrigation (T2), respectively. The colours, on the other 
hand, represent the different campaigns with respect to 
the probes position close to a plant (dark colours) and in 
the middle between two adjacent plants (light colours). 
Data are also summarized in Table 3. As it is well known, 
the electrical EC is directly proportional to the VWC; in 
fact, as the water content increases, the ER decreases. It is 
clearly visible in Fig. 6 where for each campaign EC and 
VWC increase during the irrigation phase (i.e., for each 
colour moving from the triangle to the dot passing for the 
square). Looking at the data over time, we observe that the 
initial VWC decreases during the campaigns, i.e., from 
June (red/orange values) to August (dark and light blue), 
as the soil is drier. These results agree with that of Vargas 
et al. (2021), where a direct proportionality between EC 
and soil moisture is shown.

Values in Fig. 6 show that a linear correlation between 
EC and VWC exist and that all the regression lines have a 
similar slope. The average slope of these lines was calculated 
to be 1.17 with a standard deviation of 0.33. Given a soil 
volume (e.g., the one investigated by the ERT) changes in 
conductivity can be attributed either to changes in water con-
tent or to changes in the physical characteristics of the soil, 
such as an increase or decrease in salinity. The conductivity 
of the irrigation water was measured with HANNA hand-
held conductivity meter sensor model HI 993310, directly 
measuring the well water used for irrigation. It was equal 
to 0.14 S/m, a value in agreement with the conductivity 
values measured by electrical tomography. Therefore, it is 
possible to assess with a certain degree of confidence that 
the changes in EC are primarily due to moisture changes as 

Fig. 5   Temporal variation of soil volume water content (VWC) meas-
ured by Hobo sensors installed in the study area. Blue light curve rep-
resents data acquired near plant 6 (see Fig. 2 for the location) while 
blue dark line represents data acquired in the midpoint between plant 
5 and 6 (see Fig. 2 for the location). Data between June, 30th 2022 
and July, 9th 2022 are missing because of technical problems in the 
acquisition system. Green triangles indicate the date of the ERT cam-
paigns, only 2°, 3,° and 4° are presented in this work

Fig. 6   a Relationship between the average VWC, EC and ER. Trian-
gles compare the value of ER/EC and VWC at time T0 (before irriga-
tion), squares at time T1 (during irrigation), and dots at time T2 (after 
irrigation). Dark colours (red, green, and blue) represent the three 

campaigns for the probe near the plant, while light colour (orange, 
light green, and light blue) those for the probe placed between two 
adjacent plants. b Measured VWC versus predicted VWC using 
ANOCOVA calibration model
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conductivity in the root zone increases following the irriga-
tion event. Therefore, this linear relationship could describe 
the relationship between EC and VWC in this type of soil, 
which is particularly rich in clay and subject to frequent 
irrigation cycles during melon cultivation. Therefore, it is 
hypothesised that this linear correlation can be extended to 
the whole ERT profile and can be used as a proxy for esti-
mating changes in water content given a variation in the EC 
along the whole ERT profile. That is, having an initial ERT 
measurement and several measurements taken during the 
irrigation cycles, it is possible to quantify the relative vari-
ations of VWC in the whole portion of field investigated by 
the ERT. Moreover, having a point VWC it is also possible 
to individuate the absolute VWC variation between two dif-
ferent time Ti and Tj.

The linear relationship shown in Fig. 6a was quantified by 
conducting an analysis of covariance model (ANOCOVA) 
(Corwin and Lesch 2014), whereby the effect of the EC 
covariate on the VWC value was assessed with categorical 
independent variables time (T0, T1, T2) and location (near 
plant, between plants). The graph in Fig.  6b shows the 
results measured VWC values (x-axis) and predicted VWC 
values (y-axis) from EC data estimated using the ANO-
COVA model. The analysis shows that the slope is signifi-
cant at 1‰, as it must be greater than or equal to 0.708 to 
be significant, and the R2 value obtained is 0.73. The slope 
is therefore significant and the model underestimates the 
data by 3‰.

For each campaign, the ERT results of the three phases 
of the irrigation cycle have been correlated with the corre-
sponding VWC curves (Fig. 7a–c for June, July, and August, 
respectively). The graphs on right show the VWC curves 
of the two probes (blue curve near plant 6, orange curve 
between plants 5 and 6; see Fig. 2 for their location), while 
the squares and triangles correspond to the EC calculated 
from the ERT models (shown on left) in the volumes indi-
cated as A and B for each acquisition time (A corresponds 
to the area of the probe placed between plants 5 and 6, B to 
the area of the probe placed near the plant number 6). Once 

again, it is clearly visible how the EC values trend agrees 
with that of the water content curve, showing an increase in 
EC as water content increases. Because of the long duration 
(about 2 h) of the ERT caused by the high number of acqui-
sitions (see Sect. "Methods" for more details), while the EC 
value is representative of the VWC before and after the irri-
gation, i.e., when the irrigation system is turned off, it cannot 
be used as indicator during the irrigation phase. An attempt 
to try to use EC as indicator of the VWC variation during 
the irrigation phase could be carried out reducing the ERT 
acquisition duration. This could be achieved only avoid-
ing any increment of the distances “a” (distance between 
the electrodes, see Catelani et al. 2021; Patrizi et al. 2022) 
and “n” (distance between the last current electrode and 
the first voltage electrode, see Catelani et al. 2021; Patrizi 
et al. 2022) in the acquisition sequence, but it will result in a 
decreasing of the spatial resolution of the ERT. Thus, further 
analyses are needed to evaluate the effectiveness of speed up 
the time acquisition losing resolution as a cost-effective way 
to spatially monitor the VWC during the irrigation phase.

Time‑lapse resistivity (or conductivity) monitoring

Looking at the results as a function of irrigation time, in 
layer 1 it is evident a decrease in resistivity in the transition 
from the pre-irrigation phase (T0) to the post-irrigation phase 
(T2). Observing the sections shown in Fig. 8, an increase 
in EC is observed in the surface portion of the ridge (first 
10 cm of soil) during irrigation and in the post-irrigation 
phase. This increase is observed at the drippers and in the 
post measurements it is noted how the infiltration water pen-
etrates more in some points along the profile than in others. 
The portions with higher resistivity present in the first 30 cm 
are cut by the infiltration of water and in the post-irrigation 
measurements the preferential paths of the water along the 
profile of the ridge are well denoted, highlighted in Figs. 8, 
9, and 10 by dashed white lines.

As far as layer 2 is concerned, the values listed in the 
Table 2 show a decrease in resistivity passing from the 

Table 3   Values of ER and EC 
calculated in A and B (see 
Fig. 3 for the location), and 
the average VWC recorded by 
Hobo probes

Date Sensor near the plant number 6 Sensor between plant number 5 and 6

ER EC VWC ER EC VWC

T0 29-06-2022 9.073 0.11 0.344 9.55 0.105 0.35
T1 29-06-2022 8.127 0.123 0.357 8.612 0.116 0.372
T2 29-06-2022 6.952 0.144 0.37 7.257 0.138 0.394
T0 14-07-2022 9.02 0.111 0.295 8.261 0.121 0.294
T1 14-07-2022 7.645 0.131 0.32 7.138 0.14 0.315
T2 14-07-2022 6.561 0.152 0.338 5.66 0.177 0.341
T0 04-08-2022 8.84 0.113 0.291 7.626 0.131 0.273
T1 04-08-2022 6.933 0.144 0.321 6.604 0.151 0.283
T2 04-08-2022 6.562 0.152 0.323 6.418 0.156 0.288
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Fig. 7   Comparison of electrical tomography results with VWC. The 
left panels show the EC sections acquired at the middle row of elec-
trodes (0.30 m). Rectangles A and B indicate the locations of the two 
moisture probes. The right panels, on the other hand, show the curves 
of VWC variation over time. The blue rectangles labelled A and the 

orange triangles labelled B represent the EC values over time. a EC-
VWC comparison for the measurement acquired on 29th, June 2022; 
b EC-VWC comparison for the measurement acquired on 14th, July 
2022 and c EC-VWC comparison for the measurement acquired on 
4th, August 2022
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pre-irrigation phase (T0) to the post-irrigation phase (T2). 
The decrease in EC in some areas of layer 2, at time T1 and 
T2, can be attributed to an artefact due to the simultaneous 
inflow of current and water. On the other hand, observing 
Fig. 8, this layer becomes more and more conductive during 
irrigation. In fact, it represents a particularly impermeable 
layer in which the water tends to concentrate more. Layer 3 
is the one that undergoes the greatest variation in resistivity. 

In fact, a decrease in resistivity is not always observed dur-
ing the irrigation phase, but in some cases this area appears 
to have an increase in resistivity in some areas.

In observing data individually there is generally a 
decrease in resistivity during and after the irrigation 
phase, while observing data over the time it can be 
seen that the soil is more conductive in the initial phase 
(June 2022) compared to the measurements performed 

Fig. 8   a ERTs campaign results of June, 29th 2022; b ERTs cam-
paign results of July, 14th 2022; ERTs campaign results of August, 
4th 2022. The black lines represent the layers, while the white lines 

represent the preferential paths of the flow lines. The y scale has been 
exaggerated to allow the visualization of more sections
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Fig. 9   EC changes (%) observed during T1 and T2 times. Panel a 
reports the conductivity tomographies relating to the measurements 
carried out on 29 June 2022, b 14 July 2022 and c 4 August 2022. 
The images relating to during irrigation show the variation in conduc-

tivity between the times T0 and T1, while those relating to after irriga-
tion at times T0 and T2. The y scale has been exaggerated to allow the 
visualization of more sections
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at the end of the crop (August 2022) (Fig. 9). There is an 
increase in ER in layer 1, which presents areas that are 
progressively resistive over time, with values that pass 
from 11 to 19 Ωm. These areas are linked to the growth 
of the root system which can reach a depth of 20 cm and 
to the compaction of the clay in this layer. Layer 2, on the 
other hand, appears to be characterized by an increase 
in EC over time, confirming the formation of a water 
accumulation zone at a depth of 40 cm with respect to 
the ground level.

The ERT images also highlighted a different distribu-
tion of water along the ridge, in fact by observing the 
sections on the surface the most conductive area is the 
one located in the highest portion of the ridge, i.e., in 
correspondence with the central line of electrodes. In cor-
respondence with the lateral lines of electrodes, a greater 
EC is observed in correspondence with the line of elec-
trodes positioned at 0.00 m compared to that positioned 
at 0.60 m which appears to be characterized by a greater 
number of areas with high resistivity. This leads to high-
lighting a non-homogeneous distribution of irrigation 
water along the ridge and consequently in depth.

Time-lapse measurements of soil EC can therefore pro-
vide useful information on the effectiveness of the irriga-
tion system, as they allow one to observe increases in EC 
with the irrigation phases and thus with the increase of 
VWC in the soil. High-resolution ERT surveys have made 
it possible to identify the spatio-temporal distribution of 
irrigation water and thus soil moisture in the various soil 
layers and to identify preferential pathways of irrigation 
water percolation, showing an irrigation system that is not 
at its most efficient.

Unfortunately, the lack due to logistical issues of an 
ERT survey carried out prior to crop initiation, i.e., prior 
to planting and irrigation initiation, did not allow us to 
assess the change in soil moisture between the beginning 
and end of the crop.

The images of the EC [%] (Fig. 9) variation during 
and after irrigation (obtained according to Eq. 2) show a 
change consistent with the increase in water content. The 
areas highlighted in blue represent, in fact, an increase in 
conductivity, and therefore an increase in soil saturation. 
These areas represent water accumulation and by follow-
ing their development from the superficial portion, where 
the roots are located, down to the depths, it is possible to 
identify the path of the irrigation water inside and below 
the mulch crown. This analysis leads to the identification 
of a particularly conductive layer at a depth between 0.00 
and 0.30 cm, i.e., at the base and below the mulch peak, 
away from the roots.

Conclusion

ERTs conducted during the irrigation cycle of a field used 
for growing melons allowed to highlight the distribution of 
the irrigation water along the studied profile. The results 
show a non-homogeneous distribution of the water with 
respect to the two drippers position. In fact, a higher con-
tent of water infiltration emerges at electrode line 1–24 and 
25–48 than at electrode line 49–72. The ERT also showed 
the preferential water infiltration paths along the ridge pro-
file. Although watering holes are placed evenly along the 
dripline to ensure maximum uniformity and distribution of 
water in the root zone, the electrical topographies show the 
development of preferential flows which become increas-
ingly important over time and lead to the concentration of 
water below the root zone (about 40 cm deep), thus mak-
ing it unavailable for the roots themselves. Therefore, the 
employment of ERT demonstrated the poor efficiency of 
the two-drip-wing in this type of cultivation with mulch 
ridge: this system in this agricultural application is not as 
optimal and efficient as it should be. Further investigations 
are needed to test and compare, using the ERT technique, 
the efficiency of different irrigation systems, e.g., systems 
with 3 drip lines and/or different flow rates.

Results also confirm the direct correlation between EC 
and VWC highlighted by other authors (Vargas et al. 2021) 
and demonstrate the reliability of the EC as an indicator 
of the relative VWC variation during the irrigation cycle. 
Thus, EC obtained by means of a 3D ERT survey is a 
cost-effective and spatial indicator of the relative VWC 
variations Further analyses are needed to demonstrate 
the reliability of this parameter also during the irrigation 
phase, reducing the acquisition time so that more data can 
be recorded in less time. Further analyses are also needed 
to verify the linear relationship between EC and VWC, 
i.e., whether it is valid for the entire study area and year 
by year.

The results of the 3D ERT investigations showed an unex-
pected result on the distribution of irrigation water within 
the mulch ridge, in fact the topographies showed excessive 
drainage below the root zone, therefore further investigations 
are necessary to assess the effective height of the mulch 
ridge so that more water remains available for the roots.
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