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Abstract: Dielectric sensors are useful instruments for measuring soil moisture and salinity. The soil
moisture is determined by measuring the dielectric permittivity, while bulk electrical conductivity
(EC) is measured directly. However, permittivity and bulk EC can be altered by many variables
such as measurement frequency, soil texture, salinity, or temperature. Soil temperature variation is
a crucial factor as there is much evidence showing that global warming is taking place. This work
aims to assess how variations in the temperature and salinity of coconut fiber affect the output
of EC5 (voltage) and GS3 (permittivity and bulk EC) Decagon sensors. The results showed that
the effect of temperature and salinity on the output of the sensors can lead to substantial errors
in moisture estimations. At low salinity values, permittivity readings decreased as temperature
increased, while voltage readings were not affected, regardless of substrate moisture. The GS3 sensor
underestimated the bulk EC when it is measured below 25 ◦C. The temperature dependence of the
voltage of EC5 was not significant up to 10 dS m−1, and the permittivity of the GS3 was more affected
by the interaction between temperature and salinity. The effect that salinity has on the permittivity
of the GS3 sensor can be reduced if a permittivity–moisture calibration is performed with saline
solutions, while the effect resulting from the interaction between temperature and salinity can be
minimized using a regression model that considers such an interaction.

Keywords: soil moisture; probe; salinity; volumetric water content; temperature

1. Introduction

Dielectric sensors, such as Decagon GS3 or EC5, are capable of estimating the soil volumetric
water content (VWC) by measuring its dielectric permittivity [1], a property that has been used to
set irrigation systems that address the actual water demand of plants [2]. However, the relationship
between dielectric permittivity and VWC can be affected by several factors such as sensor measurement
frequency [3,4], physical properties of the soil [5], salinity [6] or temperature [7], and, as a result,
the VWC measurements may be erroneous.

Temperature may affect dielectric sensors by directly affecting sensor circuitry, by modifying
the dielectric properties of the soil, or by modifying water–soil interactions [3,8]. Scoggins and van
Irsel [9] studied the temperature sensitivity of several sensors in situ and found that the responses
to temperature changes varied between sensors. Rosenbaum et al. [10] found that the 5 TE sensor
might underestimate (5–25 ◦C) or overestimate (25–40 ◦C) soil permittivity depending on the range of
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temperature. Temperature dependence of permittivity is well established and results in an increase
with temperature of about 2% per ◦C [11]. However, Campbell et al. [12] suggested that permittivity
decreases with increasing temperature at about 0.5% per ◦C. Errors in permittivity lead to errors in
estimated moisture content since it is calculated as a function of permittivity. An error of 8.5% in
permittivity results in a 1% error in estimated water content at 20% VWC [12], but the magnitude of this
error depends on the salinity and moisture content of the substrate. In this sense, the rate of increase in
VWC estimated by GS3 sensor with increasing temperature was approximately 2% for a 10 ◦C change
in the substrate temperature when the irrigation solution electrical conductivity (EC) was of 5 dS m−1,
while no change was found with 1.5 dS m−1 [6]. When the irrigation water EC was increased from 0 to
3 dS m−1 the voltage of ECH2O-10 sensor increased by 9.1% and a further 2.4% increase in voltage
was seen at an EC of 12 dS m−1 compared to that at 3 dS m−1 [13]. Several studies have suggested a
linear decrease in the moisture content estimated by sensors with increasing substrate temperature
when the VWC is above 30% and no change in measured VWC with increasing temperature when
the VWC is below 30% [11]. Despite the various corrections that have been made to dielectric sensors
regarding temperature [10], some researchers have observed that the temperature may still distort
sensor measurements [14].

In today’s world climatic scenario, temperature variation is considered a major factor since it
is leading to global warming. Unfortunately, the current predictions of climate change indicate that
temperature will continue increasing, which will have important effects on biological processes over
the next decades. Air temperature is increasing rapidly, while the changes in soil temperature are more
persistent. In agricultural systems, temperature fluctuation has been shown to affect plant parameters
such as plant growth [15], crop yield and quality, plant stress [16] or reproductive processes [17].
Plants grow and differentiate their organs in response to stressful environmental conditions [18].
However, electronic devices such as soil sensors have limited capacity to adapt to temperature
variations, which highlights the importance of knowing how the measurement of soil moisture is
affected by temperature.

It would not be possible to accurately estimate the VWC without the understanding of the effects
of soil temperature on sensors, which is a central issue in order to avoid losing water resources that are
subject to environmental regulations and economic limitations. Temperature variations are responsible
for water waste as they disturb the estimation of soil VWC. These incorrect soil moisture estimations
result in erroneous timings for triggering of irrigation events when automatic irrigation systems based
on specific moisture thresholds are used, which leads to water waste. The effect of temperature on
soil sensors acquires greater importance in plants grown in a soilless substrate because temperature
changes in a container are more pronounced than in soil [19]. Such imbalance could even occur within
the same day in areas where fluctuations in substrate temperature are greater, as is the case in autumn
days in the Mediterranean areas [20].

Some sensors, such as the Decagon GS3, can also measure temperature and bulk EC. Bulk EC
is the combined EC of soil particles, water, and air present in the soil matrix. Although bulk EC
is strongly affected by salinity [21], it also depends on the soil water content and other factors [22].
The confounding effect of moisture makes interpretation of bulk EC values difficult. In contrast,
pore water EC is better related to plant saline stress. Therefore, many applications of saline water in
agriculture and urban gardening have been developed thanks to the possibility of monitoring pore
water EC [23]. In recent years, several models have been developed to estimate pore water EC from
bulk EC [24–27]. These models use the measurements of soil temperature, permittivity, and bulk EC
obtained by sensors, and so any errors in these measurements are prejudicial to the estimation of pore
water EC [6,8,28].

In a global context of water scarcity, the use of marginal water (saline water, wastewater, etc.) for
irrigation is becoming increasingly common [29]. The high fertilizer concentrations used in intensive
agriculture adds even more salts in the irrigation solution, which have been seen to influence sensor
outputs by affecting the electromagnetic field generated by the sensors [30]. Indeed, the accuracy of the
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in situ measurements made by dielectric sensors in saline soils is generally considered problematic [31].
Moreover, Valdés et al. [6] indicated that salinity increased the dispersion of permittivity readings
made with an HPII-Steven sensor.

Most sensor manufacturers offer standard calibration curves to relate the dielectric properties of
soil to their VWC. However, the accuracy of VWC measurement can be improved by making specific
calibrations for the soils where the sensors are going to be used. This type of calibration is of particular
interest in substrates with a high water-holding capacity [28], such as the one used in our study. In this
case, calibration consists of finding a significant relationship between the gravimetrically calculated
VWC and the output of the sensor (permittivity or voltage). Considering that salinity affects the
measurement of these outputs, calibration should be modified according to the substrate salinity.

The goals of this work were: (i) study how variations in substrate temperature and salinity
affect measurements of voltage, permittivity and bulk EC of two Decagon’s soil sensors (EC5 and
GS3); (ii) analyze the impact of calibration equations on the estimation of substrate moisture under
saline conditions; and (iii) provide an equation to correct for the effects of temperature and salinity
on permittivity.

2. Materials and Methods

2.1. Soil Moisture Sensors

The sensors studied in this work were the EC5 and GS3 (Decagon Devices, Ltd., Pullman, WA),
which are shown in Figure 1. The first sensor determines VWC by measuring the dielectric constant of
the medium (voltage) using capacitance frequency domain technology [32], while the second one uses
an electromagnetic field to measure the dielectric permittivity of the surrounding medium (permittivity).
The permittivity or voltage of the sensors can be converted into VWC by a calibration equation specific
to the medium. The GS3 sensor can also measure temperature and bulk EC. The standard factory-set
calibration of the GS3 sensor for the bulk EC measurement is valid up 10 dS m−1 bulk EC. The same
sensor uses a small thermistor to take temperature readings and measures the bulk EC by applying
an alternating electrical current between two electrodes and measuring the resistance between them.
For more information, see Decagon—METER Group’s GS3 manual.
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Figure 1. Usual setup of the GS3 soil moisture, temperature, and EC sensor (a) and the EC-5 soil
moisture sensor (b) of Decagon Devices (METER Group, Inc. USA).

2.2. Experimental Management and Design

PVC pots (1.3 L capacity, 14.5 cm upper internal diameter, and 12.5 cm high) were filled with
100% coconut fiber. Coconut fiber was chosen as the substrate for the experiment because of its low
compaction when dry. Its maximum water holding capacity was 51% of substrate volumetric water
content (VWC, v/v). GS3 and EC5 sensors were studied separately through two bifactorial experiments.
In the first experiment, the effect of three levels of temperatures (10, 25, and 40 ◦C) on the bulk EC
(GS3), permittivity (GS3), and voltage (EC5) was studied. Each of these temperatures was tested under
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13, 27 y 51% of substrate VWC, with 1.6 dS m−1 of pore water EC in all treatments. In the second
experiment, the effects of the same levels of temperature (10, 25, and 40 ◦C) were examined on bulk EC,
permittivity, and voltage, but in this case each one of the temperatures was studied under four levels
of salinity (1.6, 5, 10, and 20 dS m−1 of pore water EC) and 51% VWC.

In both experiments, a GS3 or EC5 sensor was placed vertically and fully inserted into the
substrate with no plants. The substrate VWC was maintained constant during the whole experimental
period. This was achieved by tightly placing a plastic film over each pot after inserting the sensors,
thus preventing the loss of water through evaporation. Then, four pots per treatment were placed
into a programmable temperature climate chamber (MLR-350; Sanyo Electric Co. Ltd., Osaka, Japan),
and the sensors were connected to a CR1000 programmer datalogger (Campbell Scientific, Inc., Logan,
UT, USA), which was programmed by Loggernet 3 (Campbell Scientific Inc., Logan, UT, USA) to collect
sensor outputs every hour. When the temperature of the potting substrate inside the chamber had
stabilized, the average output for the following 12 h was calculated.

The substrate water contents studied in the first experiment were calculated using fresh weight,
dry weight, and substrate volume in the pot. To achieve the salinity levels of the second experiment, the
pots were saturated several times with NaCl solutions of 1.6, 5, 10, and 20 dS m−1. The pour-through
extraction method was used to verify pore water EC as suggested for small substrate volumes [33].
Thirty minutes after the last saturation, distilled water was poured evenly over the surface of each
pot to obtain a leachate volume of 50 mL. The EC of the leachate was measured immediately after
collection using a conductivity-meter (Dist® 6; Hanna Instruments S.L., Eibar, Spain).

2.3. Sensor Calibration

Substrate-specific calibrations were made for the GS3 and EC5 sensors to estimate the VWC of
the substrate at 1.6, 5, 10, and 20 dS m−1 salinity levels. The calibration procedure was similar to that
described by Nemali et al. [13]. Twenty-five liters of coconut fiber with a low moisture content were
placed in a plastic tray, and 1.5-L plastic beakers were filled with this substrate, which was lightly
compressed. A sensor was inserted, carefully maintaining close contact between the substrate and
the sensor, and a CR1000 datalogger programmer was used to take readings. Three repetitions were
made. The substrate was then weighed and placed in an oven at 60 ◦C until a constant weight was
reached. VWC was determined as the difference between fresh and dry weight divided by the substrate
volume. This process was repeated several times after adding increasing amounts of water to the tray.
VWC values were related to voltage (EC5) or permittivity (GS3) to obtain linear calibration equations
for the EC5, and quadratic equations for the GS3.

2.4. Statistical Analysis

The experiments assessed the main effect of each factor (temperature and VWC, or temperature
and salinity) on the standard readings of the sensors, but also any interaction between them. To this
end, a two-way analysis of variance (ANOVA) was performed separately for each experiment using
Statgraphics Plus for Windows (Manugistics Inc., Rockville, MD, USA), where mean values were
separated by the Least Significant Difference Test (p < 0.001). The regression equations were performed
using SigmaPlot 12.5 software (Systat Software Inc., San Jose, CA, USA).

3. Results and Discussion

3.1. Effects of Substrate Temperature and VWC

3.1.1. Bulk EC

Bulk EC increased by 16% as the temperature rose from 10 to 25 ◦C, but there was no statistically
significant increase between 25 and 40 ◦C (Figure 2a). Some authors have estimated that soil EC
increases at an approximate rate of 1.9% per ◦C [34], although Topp et al. [35] found no significant
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temperature dependence of bulk EC in a clay loam soil with high moisture content. In our experiment,
a 1% increase in bulk EC was recorded for every 1 ◦C from 10 to 25 ◦C. This suggests that the GS3
sensor standardizes its bulk EC measurements at 25 ◦C using an internal mathematical model [36],
which is more effective above 25 ◦C than below. This temperature effect of bulk EC was observed
for all three VWC levels studied since no interaction between substrate moisture and temperature
was detected. Or and Wraith [11] found that bulk EC increases with temperature in loamy loam
soil, regardless of soil moisture, as was found in this work. However, testing on other types of
soil, the same authors found that bulk EC increased with temperature when humidity was low and
decreased when high, which indicates that the characteristics of the soil strongly influence the humidity
x temperature interaction.
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Figure 2. Statistical significance of the effects of the temperature (T), volumetric content of water (VWC),
and its interaction on the bulk EC (ECb), dielectric permittivity (εb), and millivolts (mV). The EC of
pore water was 1.6 dS m−1. T-ECb (a), VWC-ECb (b), T-εb (c), VWC-εb (d), T-mV (e), VWC-mV (f).
Temperature x VWC interaction was not significant for the three outputs. Bars represent standard
errors. For each panel, different letters indicate significant differences according to the LSD test at
p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***). NS indicates no statistical significance.
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Bulk EC increased to a statistically significant extent at the three levels of VWC tested (Figure 2b),
an increase that was independent of the temperature (no interaction). The strong moisture dependence
of bulk EC is well known and has been attributed to the fact that a decrease in soil moisture induces
attraction between free ions and soil particles making the ions less mobile in the soil, and causing the
conductivity readings to be lower [37,38]. Bulk EC measurements can be affected by several variables,
including soil texture, temperature, soluble salts, and the water content [22,34]. Since variations of
soil texture with time are fairly small and the influence of temperature can be minimized with the
above mentioned mathematic models, moisture becomes the most influential variable for bulk EC [21].
Unfortunately, the influence of moisture masks the effect of dissolved salts on bulk EC, and bulk
EC data can be misleading, since low values can either indicate low salinity or low moisture [39].
Therefore, to monitor the saline state of the soil using bulk EC, it will be necessary to correct the
influence of humidity variations on the bulk EC [40]. For this reason, bulk EC is generally of little use
in understanding the salinity trend of a soil despite it being the only EC that can be monitored in situ
automatically. For this reason, bulk EC is usually converted to pore water EC using mathematical
models such as those of Rhoades [38] or Hilhorst [25] because it more accurately represents the salinity
of the solution to which the roots are exposed.

3.1.2. Permittivity and Voltage

Substrate moisture significantly affected GS3 permittivity and EC5 voltage measurements
(Figure 2d,f). Moisture–permittivity dependence is useful because the dielectric constant of water is
much higher than that of air and soil, so changes in moisture are mainly responsible for changes in
the permittivity of the substrate. Therefore, dielectric sensors use calibration equations in which the
substrate permittivity values are related to different levels of VWC.

Permittivity decreased with temperature (Figure 2c), while voltage output was not affected
(Figure 2e), regardless of the substrate moisture (no interaction). In the Theta probe output, no change
was observed with increasing temperature by Nemali et al. [13], while Campbell et al. [8] found
negligible changes in VWC with changing temperature, as estimate by the EC5 [12,13]. In contrast
to us, the last-mentioned authors observed that the temperature effect increased with increasing
VWC. Or and Wraith [11] also indicated an interactive effect between the substrate temperature and
moisture on the estimation of VWC when the TDR sensor was used. Rosenbaum et al. [10] found that
temperature had a greater effect on the output of several sensors when they were inserted in liquid
media of high permittivity compared with those inserted in media of lower permittivity.

The inverse relationship between temperature and the permittivity of water is well known and has
been extensively studied in the literature. Campbell et al. [8] indicated that the permittivity of water
decreases as temperature increases at a rate of 0.5% per ◦C [12]. Therefore, it would seem reasonable to
assume that the dielectric constant of a wet substrate will behave in the same way as water. In our
experiment, a decrease in permittivity was observed as the substrate temperature rose from 10 to
40 ◦C (Figure 2c), but it was independent of the VWC (no interaction). Other researchers found a
linear relationship between temperature and permittivity, whose slope could be positive or negative
depending on the type of soil [7]. For the case of the EC5, Cobos and Campbell [41] suggested that
the sensor’s response to temperature can be both positive and negative depending on the electrical
characteristics of the soil. Such behavior has been related to how a fraction of the water is held by
the soil surface in the form of bound water, which is released as free water when the temperature is
increased [8,11]. Therefore, the physical and chemical characteristics of the soil have a significant effect
on the permittivity–temperature relationship.

Temperature-related deviations in the measurement of permittivity lead to the inaccurate
estimation of VWC. In our experimental conditions, using coconut fiber under low salinity levels,
permittivity showed a downward response to temperature. This underestimation of permittivity leads
to the underestimation of VWC, but we found a permittivity reduction rate of 0.6% per ◦C from 10 to
40 ◦C (Figure 2c), which would give a maximum error of 4.4% in the estimation of VWC (0.15% per ◦C)
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when the calibration equation for 1.6 dS m−1 from Table 1 is used. This error in the GS3 does not seem
important and can be considered small compared to other errors caused by incorrect sensor orientation
and insertion, the variability of substrate moisture, etc. Nemali et al. [13] indicated an increase of
1.88 mV per ◦C for the ECH20 sensor, which led to a change in estimated VWC of 0.26% per ◦C [13].
These findings suggest that the GS3 sensor efficiently compensates the temperature dependence of
permittivity with low salinity.

Table 1. Coconut fiber specific calibrations relating volumetric water content (VWC) and millivolts
(mV) for the EC5, and with bulk dielectric permittivity (εb) for the GS3 probe, at different pore water
EC values (ECpw).

ECpw(dS m−1) Equations Significance R2

EC5

1.6 VWC = −39.30 + 423 mV *** 0.97
5 VWC = −36.45 + 393 mV *** 0.97
10 VWC = −19.90 + 283 mV *** 0.97
20 VWC = −14.38 + 245 mv *** 0.96

GS3

1.6 VWC = 11.32 + 7.18εb − 0.32εb
2 *** 0.98

5 VWC = 14.43 + 5.56εb − 0.21εb
2 *** 0.97

10 VWC = 18.58 + 2.88εb − 0.06εb
2 *** 0.96

20 VWC = 20.12 + 1.01εb − 0.008εb
2 *** 0.97

*** indicate significant at p < 0.001. Coefficient of determination, R2.

3.2. Effects of Substrate Temperature and Salinity

3.2.1. Bulk EC

The effect of temperature on bulk EC was similar to that of the first experiment (Figure 3a), which
suggests an underestimation of EC as the temperature decreased from 25 to 10 ◦C. Since there was no
interaction between temperature and salinity for bulk EC, these effects can be taken as similar for all
the salinity levels studied. As above, an increase in bulk EC of about 1% per ◦C from 10 to 25 ◦C was
obtained, but here the bulk EC values were higher.

Salinity increased bulk EC to a greater extent than temperature (Figure 3b), which emphasized
the potential usefulness of such conductivity as salinity indicator and for estimating pore water EC
using the abovementioned mathematical models. In this second experiment, the influence of moisture
content on bulk EC was removed as it was conducted at a constant VWC of 51%. In this scenario,
salinity becomes the most decisive factor in bulk EC and could be considered as an effective saline
index for monitoring soil salinity. But for the results to be compared, it is important to always measure
the bulk EC at a similar moisture level [9]. Valdés et al. [42] indicated that measuring bulk EC 30 min
after an irrigation episode (on high and constant moisture conditions) mitigates negative effects on the
production of potted Euphorbia pulcherrima.
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Figure 3. Statistical significance of the effects of pore water EC (ECpw), temperature (T), and their
interaction on the bulk EC (ECb) and dielectric permittivity (εb) at a constant substrate VWC of 51%.
T-ECb (a), ECpw-ECb (b), T-εb (c), ECpw-εb (d), T-mV (e), ECpw-mV (f). Temperature x ECpw interaction
was not significant for the ECb, but it was significant for the εb *** and mV **. Bars represent the
standard errors. For each panel, different letters indicate significant differences according to the LSD
test at p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***). NS indicates no statistical significance.

3.2.2. Permittivity and Voltage

Salinity and temperature significantly affected permittivity and voltage (Figure 3c–f). The presence
of a significant salinity × temperature interaction indicates that the effect of temperature on permittivity
and voltage depends on the level of salinity, and vice versa. To study the combined effects,
the unifactorial statistical analyses for permittivity and voltage are presented in Figure 4.
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Figure 4. Interactive effects of temperature and salinity on the permittivity output of the GS3 sensor
(a) and the voltage output of the EC5 sensor (b). Bars represent the standard error. Letters A, B, C
indicate significant differences (p < 0.01) among salinity values for each tested temperature, and letters
a, b, c indicate significant differences (p < 0.01) among temperature values for each tested salinity.

The synergistic interaction of temperature and salinity has a clear effect on the permittivity
measurements made by the GS3 (Figure 4a). The slope for 1.6 dS m−1 points to a slight fall in
permittivity caused by the increase in temperature, as observed and discussed in the first experiment
(Figure 2c). This effect leads to a minor error in the estimation of VWC but, since smaller thermal
variations are more common in practice, this error would probably be sufficiently low to be ignored.
Temperature does not produce significant effects on permittivity at a pore water EC of 5 dS m−1,
so, if the error due to salinity is not considered, the estimation of the VWC by the GS3 would be
quite accurate under this salinity (Figure 4a). At 10 dS m−1, there was a sharp increase in permittivity
when 25 ◦C was exceeded, which led to significant differences between the measurements at 40◦C and
those made at 25 or 10 ◦C, although the differences were not significant between the measurements
made at 10 and 25 ◦C. If the measurements at 25 ◦C are taken as a reference, the GS3 sensor would
overestimate the VWC as temperatures increased. At the highest salinity level (20 dS m−1) there was a
strong rise in permittivity from 10 to 40 ◦C, which might lead to substantial errors in the estimation of
VWC. Fortunately, it is not usual for the substrate pore water EC to exceed 10 dS m−1 during the entire
cultivation cycle in the commercial production of potted plants since higher salinity levels would injure
most commercial crops. Cavins et al. [43] suggested that the pore water EC for potted salt-sensitive
ornamental plants should not exceed the threshold value of 4.6 dS m−1. Sonnevelt et al. [44] found that
the effect of pore water EC on plants depended on the species: while an EC of 4.2 dS m−1 in the root
environment did not affect the production of Aster, but lowered the yield of species such as gerbera
and rose. However, more salt-tolerant plants could cope with salinity levels higher than 10 dS m−1.

The voltage output of the EC5 probe tends to increase in a non-statistically significant manner
with increasing temperature. This was true for 1.6, 5, and 10 dS m−1 (Figure 4b), which indicates that
the temperature sensitivity of the EC5 output is quite constant if pore water EC is less than 10 dS m−1.
However, the temperature-related voltage increased at the highest salinity value (Figure 4b), a change
that acquired statistical significance when the value obtained at 10 ◦C was compared with that at 40 ◦C.

The outputs of both sensors increased with increasing salinity, although not proportionally for
each given temperature, since a synergistic interactive effect was found between temperature and
salinity (Figure 4). Figure 4a shows how strongly permittivity was affected by salinity at higher
temperatures. As can be seen in Figure 4b, voltage output values increased significantly at each
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temperature as the salinity level rose from 1.6 to 10 dS m−1. However, there was no statistical difference
between the voltage measurements at 10 and 20 dS m−1 (Figure 4b). This suggests that a pore water
EC of 10 dS m−1 is the salinity threshold above which the gradual effect of salinity on voltage output
is minimal.

Table 1 shows the permittivity–VWC calibration equations for the GS3 and EC5 sensors at the
four salinity levels studied, all performed at 25 ◦C. If the calibration equation for 1.6 dS m−1 is used
with a higher value of substrate salinity, the VWC would be overestimated. For instance, if a voltage
value of 0.211 were obtained for a substrate with a pore water EC of 1.6 dS m−1 and then introduced in
the calibration equations for 1.6, 5, 10 and 20 dS m−1 using the EC5 sensor (Table 1), VWC values of
50, 46, 40, 37%, respectively, would be obtained. This would represent overestimations of VWC of 4,
6, and 13% for salinities of 5, 10, and 20 dS m−1, respectively, suggesting that calibration equations
should be modified according to the salinity [45].

3.3. Correction of the Effect of Temperature on Permittivity

Careful calibration of the sensors is vital to avoid errors in the estimation of VWC [46], and,
in this respect, it has been suggested that such calibration errors may be greater than errors due to
other factors such as temperature [47]. However, the effect of salinity can be minimized by creating a
calibration curve with solutions of the same salinity as that of the growing medium, as discussed above.
However, it is not so easy to correct the effect of temperature empirically. Temperature calibration
curves are time consuming and involve the use of temperature-controlled equipment. Instead, it would
be more convenient to apply a mathematical model to handle this kind of correction. The problem
with this approach is that mathematical models depend on many variables such as type of sensor,
plant container, type of soil, etc. [48], so an extensive database of values and equations for all types of
soils and sensors would be needed.

In this section, an equation to minimize the effect of temperature on the measurement of permittivity
under salinity is presented for a substrate consisting of 100% coconut fiber. Due to the synergistic effect
of temperature and salinity on permittivity, the effect of temperature becomes more pronounced as
salinity increases, so if the temperature effect were to be corrected mathematically, an equation would
be needed for each salinity level. The resulting equations could be adapted to the existing salinity by
modifying the parameters throughout the growing period, which would be very tedious in practice.
Instead, the model proposed here considers the synergistic effect of temperature and salinity, so that it
is not necessary to use more than one calibration equation in the cases where salinity levels change
throughout the cultivation period.

Several models have previously been proposed to correct for the effect of temperature on
permittivity [7,10,49,50]. For example, Chanzy et al. [44] proposed a linear regression based on the
equation:

ε25◦C = εT + m(T − 25), (1)

where ε25◦C is the permittivity (ε) at 25 ◦C, m is the slope of the line, ε is the permittivity at a given
temperature, and T the temperature measured by the GS3 sensor. Table 2 displays the regression
equations that linearly relate the permittivity values to the temperature at the four salinity levels
studied in Figure 4a.

Table 2. Linear regression equations relating permittivity (ε ) to temperature (T) and their determination
coefficients (R2) at different pore water EC (ECpw) levels.

ECpw (dS m−1) Regression Equation R2

20 ε = 1.5397T + 12.892 0.99
10 ε = 0.5213T + 14.493 0.95
5 ε = 0.1112T + 10.541 0.99

1.6 ε = −0.059T + 10.548 0.99
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The values of the slopes of Table 2 (m) are quadratically related to ECpw according to the following
equation (R2 = 0.99):

m = 0.0019EC2
pw + 0.047 ECpw − 0.1493. (2)

Since the slopes of the regression lines (m) depend on both soil type and salinity [48], Equation (2)
would only be valid for a given soil type, 100% coconut fiber in this case. To increase the applicability
of Equation (1), Equation (2) can be replaced by the value of the slope of Equation (1) so that the
standardized permittivity at 25 ◦C is a function of temperature and salinity:

ε25◦C = εT + 0.0019EC2
pw + 0.047ECpw − 0.1493(T− 25) (3)

Table 3 shows the permittivity values estimated by Equation (3). The highest errors correspond to
the data series for 10 dS m−1, probably because of the lower R2 of its regression equation. Therefore,
to obtain a good estimation of permittivity using Equation (3), the linear regression on which it is
based has to have a good fitting.

Table 3. Results of temperature and salinity correction for Equation (3): temperature (T), pore water
EC (ECpw), permittivity measured without correction (εT), permittivity estimated by Equation (3) (εe),
and the difference between εe and permittivity measured at 25 ◦C (∆).

T (◦C) ECpw (dS m−1) εT (F/m) εe (F/m) ∆ (%)

40 1.6 8.1 9.2 0
25 1.6 9.2 9.2 0
10 1.6 9.9 8.9 3
40 5.0 15.1 13.1 0
25 5.0 13.1 13.1 0
10 5.0 11.7 13.7 5
40 10 36.3 28.7 12
25 10 25.6 25.6 0
10 10 20.7 28.4 11
40 20 75.4 52.1 5
25 20 49.6 49.6 0
10 20 29.2 52.5 6

4. Conclusions

The effects of temperature on bulk EC can be positive (10–25 ◦C) or non-significant (25–40 ◦C),
depending on the temperature range. Such effects are independent of substrate salinity and moisture.
By maintaining substrate moisture high and constant, the bulk EC was seen to be very sensitive to
substrate salinity, which suggests that bulk EC could be regarded as a good salinity index to program
irrigation and flushing events. The sensitivity of permittivity to temperature was seen to be strongly
substrate salinity dependent. At the lowest salinity (1.6 dS m−1), the GS3 sensor produced minor
errors that underestimated the VWC as temperature increased. However, VWC estimated by this
sensor was not affected by temperature at medium salinity levels (5 dS m−1). At higher salinity values,
temperature produced errors of overestimation of the VWC, which further increased at 20 dS m−1 pore
water EC. The estimation of VWC by the EC5 sensor was stable in the face of temperature changes
up to 10 dS m−1, but at higher levels of salinity, it would be necessary to take into consideration the
effects of temperature on the measurement of VWC. Salinity affected the outputs of both sensors
to a greater extent than temperature, while high salinity in combination with high temperature led
to worse estimations of VWC. Sensor calibration tended to overestimate VWC when the salinity
during the process of calibration is lower than that of the substrate during the period of cultivation.
If not accounted for, such salinity effects could introduce significant errors, therefore it is strongly
recommended that calibration be modified accordingly. In the case of the GS3 sensor, a linear regression
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model that considered the synergistic interaction of salinity and temperature was able to minimize the
effect of substrate temperature on permittivity measurements.
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