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Abstract

The temporal evolution of the electrical signal generated by Pinus halepensis was measured in
a sample of 15 trees. Weekly experiments were carried out during a long-term campaign lasting
over a year, while trials with a high frequency of measurements were also performed during
several days. In the latter case, day-night oscillations of the electrical magnitudes were
observed. Additionally, punctual meteorological events such as rainfall and electrical storms
affect the electrical signal as well.

The measured electrical intensity grows exponentially with the voltage. In fact, no electrical
intensity that exceeds the threshold of 0.01 YA is gathered when voltage values are lower than
0.6 V. In general, higher electrical signals were gathered during the rainy seasons with moderate
temperatures; while very low signals, including few measures of zero intensity, were obtained
during the most stressful periods over the year, mainly by mid-summer.

There is a strong correlation between the rainfall and the electrical signal. The rain-intensity
correlation, together with sustained intensity values during the reproductive period in spring,
suggests that this electrical magnitude could be an indicator of the physiological state of the tree
and thus used for in situ and minimally invasive forest monitoring.
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1 Introduction

The Mediterranean climate has never been benign for most tree species due to its long drought
periods, torrential rains and extreme temperatures in summer [1], which facilitate bushfire
ignition [2]. However, many plants have adapted to these conditions and supported the
establishment of ecosystems with a great biodiversity [3].

In the current framework of climate change, Mediterranean climate areas are vulnerable to a
decrease in precipitation, a plausible scenario over the next few decades, as the atmospheric
circulation models predict [4]. This is a global challenge because these regions (Australia,
Southern Africa, Chile, California and the Mediterranean basin) are present in every continent
and they are densely populated.

According to Gracia [4], a rainfall reduction of 10% is expected in the Iberian Peninsula over the
upcoming 50 years, as well as a decrease of 25% of soil's water content. Reduction in the soil's
water reserve is a consequence of the increase in the rate of trees' transpiration during the
vegetative period and the greater evaporative demand of the atmosphere [4]. The phytosanitary
status of trees in Mediterranean climate zones is associated both with the characteristic climate
fluctuations and with other ecological processes [5] such as outbreaks of fire [6]. In a climate
change context, bushfire recurrence is enhanced in terms of intensity and frequency [5] by the
temporary weakness of many trees [7]. Therefore, the early detection of weakened trees that
do not display visible symptoms of disease yet, could represent a significant advancement in the
planning of forest health management [5].

Remarkably, the existence of a continuous electrical potential between the electrodes inserted
in the tree's phloem and the surrounding soil was discovered [8]. Additionally, it was recently
documented that different environmental stimuli also produce electrical signal changes [9].
Further, according to some authors [10-15] the variation of electrical signals in response to the
stimulus depends on the intensity of the stimulation.

This behaviour has been studied by other authors in research laboratories under controlled
conditions [13-16]. This characteristic of the electrical signals could be used as an element for
monitoring the state of the trees inside their ecosystem under natural conditions. Despite the
different investigations carried out, it still remains unclear which environmental factors have the
greatest influence on the tree’s electrical signals. Few published works have studied the
electrical signals of trees in controlled conditions and only for continental and Central European
climatic areas, e.g., Aesculus hippocastanum [17] and Populus nigra [12] both in France, Salix
albain Austria [18], Quercus spp. and Fagus sylvatica [19,20]. Thus, to the best of our knowledge,
any prior research which has addressed this topic under field conditions neither studied the
electrical response of trees located in highly vulnerable ecosystems to climate change such as
Mediterranean forests.

Fritts [21] affirms that trees growing in extreme conditions, such as Mediterranean ecosystems,
respond more clearly to climatic variations. Consequently, the Aleppo pine (Pinus halepensis
Mill.) is an interesting species for monitoring environmental changes because it is very well
adapted to drought and its growth is highly related to the water supply [22]. In addition, Pinus
halepensis is a pioneer species that is expanding strongly on the two banks of the Mediterranean



basin [23] due to its high potential for natural regeneration after bushfires and also due to its
ability to rapidly colonise abandoned agricultural lands [24].

In summary, the current and voltage values rely on the tree’s physiological state [25-30] and
thus, both electrical signal components could be robust indicators of the forest health under
different environmental conditions and consequent vulnerabilities: growth potential, hydric
stress, bushfire risk and pests, among others.

In a previous study, we analysed the most significant static factors influencing Pinus halepensis
populations [31], i.e. experiments carried out for a short period of time at stable climatic
conditions. We observed that the tree age significantly influences the measured electrical
potential, obtaining higher values in young trees. Furthermore, we conclude that the amplitude
of the electrical signals does not depend on the location of the electrode. Both components of
the electrical signal (the potential difference and the ISC) are constant, regardless of the
orientation and height at which the measurement electrode is inserted into the tree.

Based on this acquired knowledge, the aim of this research is to analyse the temporal evolution
of the electrical signal of a representative group of Pinus halepensis in Mediterranean forest.
Indeed, this is the first study researching the electrical behaviour of a representative sample of
trees in natural conditions and it is also pioneering in measuring the electric intensity generated
by a tree. The chosen pine is a paradigmatic Mediterranean species that quickly responds to
climatic variations, and hence, it is a representative object of research. Regarding the
experimental planning, the electrical measurements with a higher sample frequency were
carried out for a period of several days, while the long-term trials were performed for a
campaign lasting more than one year. In summary, the main objective of this work is to detect
and analyse the seasonal but also day-night variations of electrical signals of Pinus halepensis in
a Mediterranean ecosystem.

2 Material and Methods

Both components of the electrical signal, voltage and current [32], were measured in two
different data acquisition experiments, one for short, the other for long periods. In the first trial,
data were recorded with a weekly resolution to assess the electrical signal evolution throughout
the annual vegetative cycle. In the other experimental set-up, signal values were obtained each
minute over several consecutive full days. In this way, we can observe the short-term changes
in voltage and current along the day-night cycles in different stages of the pine vegetative cycle.

2.1 Selection of representative species and forest

As in our previous work [31], Pinus halepensis is the selected arboreal species on which the
measurement of the electrical signals has been carried out because it is a representative
coniferous, native to the Mediterranean region and present in almost all regions of both banks
of the Mediterranean basin [33, 36-41]. Moreover, Pinus halepensis presents clear relationships
between growth and climatic variables. Thus, it is a reliable species for dendroclimatological
studies [22]. Different studies for the Iberian Peninsula [34,35] suggest that the growth series



reflect a strong influence of climatic factors, with a higher sensitivity than that observed in other
Pinus species such as Pinus sylvestris, Pinus nigra, Pinus pinaster and Pinus mugo. Thus,
understanding the impact of different environmental factors on the electrical response of this
species may be of interest to the scientific community [22].

In our previous work, it was found that the amplitude of the signal is significantly greater in
younger trees than in mature ones [31]. For this reason and to facilitate the measurement of
the electrical signal, it was decided to look for a forest that had enough young trees within an
area not affected by significant environmental disturbances such as recent bushfires, pests or
damage due to heavy snowfall. Therefore, we decided to use a natural regenerated forest
located within the protected area of the Sierra Calderona Natural Park in the Region of Valencia,
Spain. The selected sample stand has an approximate size of 0.25 hectares and is located at
latitude 39° 45’ 28.80” N and longitude 0° 30’ 36.36” W. The age of the trees is in average 27
years. The mean breast height diameter is 12.10 cm and the mean height 5.16 m. The stock
density is 484 trees/ha.

2.2 Electrodes

Two model electrodes were used according to their function, a stainless steel for the tree and a
platinum-iridium for the ground [12,16,31,42,43]. We inserted the stainless-steel electrode
directly at 1.5 m above the ground into the trunk to be in contact with the phloematic tissue.
We chose stainless steel screws as electrodes because they can be easily inserted and removed
from trees, causing only a minor wound. Additionally, the screws have a greater contact surface
with respect to the smooth electrodes due to their thread. The contact with the phloematic
tissue was ensured by inserting the electrodes with a torque wrench that allowed us to detect
the change in hardness of the tissue and to cross the phloematic tissue. The latter action is
fundamental since electrical signals are transmitted more easily along this tissue, given its lower
resistance to electrical flow, compared to other plant tissues [9].

The second type of electrode was a non-polarization titanium-nitride-coated platinum-iridium
alloy electrode (1999/5/EC) [44] and was used as ground reference. Due to the hardness of the
soil, this electrode was buried 15 cm in the mineral soil, discarding the centimetres of topsoil, at
a minimum distance of 3 m from the tree.

Both electrodes were connected with the measuring equipment through an electrical connector
and a 0.5 mm copper conductor cable insulated with a flexible plastic coating (CE 0123).

2.3 Measures for the long-term evolution

The long-term experimental design was based on the knowledge acquired for individual
hardwoods [10,12,19] and on our previous experience with Pinus halepensis [31]. This trial aims
to observe the electrical signal evolution within the group of selected pines throughout their
annual vegetative cycle.



2.3.1 Procedure

Voltage (V) and short-circuit current (ISC) data were collected at the same solar time once every
Monday for 16 months, between May 28™ 2018 and September 30" 2019, comprising more
than a complete vegetative cycle. Four values (one for each cardinal point) of each component
of the electrical signal and for each of the 15 representative specimens of the study population
were recorded, i.e., 60 measurements every week.

2.3.2 Measurement equipment and external data sources

Voltage and current values were measured with a UT71D UNI-T multimeter with an input
impedance of 2.5 GQ and an accuracy of 0.1% + 2 millivolts (mV).

Meteorological data of the area were provided by a professional weather station installed in 39°
46'10.12" N, 00° 31' 14.19" W, located very close to the research plot. The weather station is a
Davis Vantage VUE model owned by the Valencian Association of Meteorology 'Josep Peinado'
(AVAMET) [45]. The meteorological variables to be correlated with the electrical signal
components are the temperature, relative air humidity, atmospheric pressure, wind speed and
precipitation. For simplicity, the daily mean of the collection day was used. For the rainfall
amount, the accumulated weekly precipitation was assumed.

2.3.3 Trees selection

15 trees of a forest population of Pinus halepensis were selected following the method described
by Hapla and Saborowski for sampling representative trees in a forest stand [46]. In this way,
the tree selection can be considered as a representative sample of the surrounding forest. This
methodology has been verified in different studies related to the characteristics of trees and the
physical properties of wood [47-53]. Figure 1 shows the spatial distribution of the trees in the
plot.
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Figure 1. Distribution of the selected trees in the research plot.



2.3.4 Statistical Analysis

The Spearman correlation coefficient was used to link the voltage and intensity data with the
meteorological variables. The use of Spearman correlation was based on other works [54, 55]
affirming that this coefficient is less sensitive than other statistics to outliers.

2.4 Measures for short-term evolution

This experiment monitors the influence of the day-night cycles on the electrical signal in a single
tree as described in [19, 42, 56, 57]. Voltage and current measurements were prolonged for
several days in a row, and the recording sessions took place in different seasons to observe
electrical variations throughout the year.

2.4.1 Procedure
The electrical potential difference was registered every second, while the intensity was

measured during ten seconds every two minutes to allow the electrical signal to recover. Table
1 shows the dates on which the 24-hour measurement sessions were carried out.

Camlgaig“ Dates Days | Season | Measurement
o T e |

Table 1. Short-term experiment calendar

The experiments carried out during 2019 only included voltage measures, while intensity and
voltage were both measured from 2020 onwards (see Table 1).



2.4.2 Measurement equipment and external data sources

Figure 2 shows the position of the equipment for data measurement on the selected tree. In this
figure you can also see the installation in height on the trunk to protect the action of the fauna
the watertight capsule that, in turn, protects the electronic components of measurement from
meteorological factors.

Figure 2. Short-term data-acquisition emplacement in a selected tree. Close vision of the
watertight capsule (A). Overview of the installation (B)

For the short-term data-acquisition campaign, a prototype was developed that uses a Mooshim
Mooshimeter BLE-DMM-2X-01 device with an accuracy of 0.5% for any voltage measurement.
The intensity magnitude was gathered by measuring the voltage drop across a shunt.

The intensity of the electrical signal dropped to values close to zero if the measurement device
was maintained connected through the shunt, as our prior experience indicates (see Figure 3).
To avoid the plant stress emerging from the shunt experiment, the prototype had a relay
controlled with an automatic programmable system (Pycom?). In this way, the circuit could
periodically be interrupted, making current measurements through the shunt punctually and
not continuously.

! https://pycom.io/
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Figure 3. Circuit diagram of measurement through the shunt

Sunrise and sunset hours were consulted in the Spanish National Astronomical Observatory[58].
2.4.3 Tree selection

For the 24-hour monitoring, it was necessary to work on a single tree due to equipment
availability limitations. The selected tree (number 11) for the continuous evaluation displayed a
yearly average voltage that was the closest to the group's mean among all specimens of the
long-term data collection.

3 Results

3.1 Long-term evolution

The first obtained results are the voltage and intensity signals for the long-term experiment.
Figure 4 shows the mean, maximum and minimum values for the population sampled during the
16-month campaign. The maximum recorded value is 1.10 V for the voltage (Figure 4a) and 11.05
pA for the current (Figure 4b), while the minimum magnitudes correspond to 0.11 V and 0.00
WA, respectively. It can be observed that the voltage values are maintained within a narrower
range with respect to the electrical current. This means that there are smaller variations among
the specimens for the voltage than for the current. The highest values were measured in October
and November 2018 and April and May 2019, corresponding to autumn and spring seasons.
Conversely, the minimum values were recorded in February, March 2018, July and August of
both years. So, during winter and summer, minimal values are registered, especially for the
summer months. The vertical dashed lines represent the dates on which the tree pictures were



taken (Figure 4c). One photo was taken at the end of July, which corresponds to the period with
the highest hydric stress for the tree. The second picture corresponds to the end of April, which
is the beginning of the growth period, that is, when temperatures are not too high, and there is
enough water availability due to intense rainfalls in the spring.
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Figure 4. Temporal evolution of the voltage (a) and the ISC (b) during the long-term experiment
given as the principal value of all trees. Maximum and minimum values are also depicted
(dotted). Dashed vertical lines represent the dates when the tree pictures (C/D) were measured.



Figure 5 shows the mean voltage and intensity values of all trees along with the long-term
experiment. Here, we can observe that there is a characteristic relationship between both
magnitudes. Remarkably, voltages below 0.6 V do not allow any measurable ISC values. These
records are only gathered during summer seasons and in the coldest months of the year.
Alternatively, high voltage and ISC figures are gathered during both rainy seasons under
moderate temperatures. The relationship between both electrical components follows an
exponential behaviour. In fact, voltage increases above 1.0 V promote considerable ISC rises,
Which represents a consistently recurring phenomenon throughout the study period.
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Figure 5. Relationship between the mean voltage and ISC of all trees for the long-term
campaign.



3.2 Relationship between the electrical signal and the atmospheric variables
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Figure 6. Result of Spearman's correlation. Values within a coloured box correspond to a
statistically significant correlation different from 0 with the alpha significance level equal to 0.05

Figure 6 shows the main results obtained from Spearman’s correlation analysis. Based on its
outcome, it can be stated that there is a strong positive correlation between the voltage and the
ISC values, as previously described. This correlation reaches a Spearman B-value of 0.838 with p
< 0.05. Nevertheless, there is no correlation between the voltage, nor the ISC, and the
atmospheric pressure. In relation to the wind speed and the relative humidity, there is neither
a significant correlation of these variables with the voltage variable since the calculated p-values
are 0.372 and 0.082, respectively. Analogously, the effect of the wind on the ISC (negative effect)
is statistically significant. However, this is not the case for the ISC and the air humidity.
Moreover, the relationship with the daily temperature was shown to be significant only with
respect to the voltage, being such an influence negative with & = -0.402. In contrast, there was
no correlation with statistical significance for the ISC magnitude, being the associated p = 0.083.

The precipitation amount is the atmospheric variable showing the highest correlation according
to the Spearman methodology. There is a statistically significant correlation for both, the voltage
and the ISC, with a p < 0.05 and reaching a BBlvalue of 0.652 for the voltage and 0.709 for the
ISC. Since rainfall is the most influential variable on the tree’s electrical signals, we will now plot
the weekly accumulated precipitation on the voltage and ISC evolution as depicted in Figure 7.
It can be observed that while the voltage seems to be less dependent on the precipitation, this
is not the case for the ISC values. Thus, this magnitude is correlated with the rain intensity.
Indeed, ISC increases are measured when it had rained the week before. To some extent, the
intensity rise seems to be proportional to the rainfall amount for summer and autumn, whereas



there is no recorded rain in winter during our experiment period. However, the trees in spring
seem to strongly react to the rain regardless of its intensity.
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Figure 7. Temporal evolution of the voltage (A) and the ISC (B) during the long-term experiment
given as the mean value of all trees. The rainfall amount is also displayed. Background colours
represent the corresponding astronomical season.

Figure 8 shows the evolution of the temperature and the voltage. It can be seen that there is a
negative correlation between those magnitudes from July to October, whose value is -0.687,
and a positive one who accounts for 0.262 during the first semester of the year.
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Figure 8. Temporal evolution of the temperature and the mean voltage of all trees during the
long-term experiment.

3.3 Short-term evolution

Four 24-hour experiments were carried out during several days at different seasons to observe
the trees' electrical response to the day-night cycles. The graph for each voltage experiment is
displayed in Figure 9. Similarly, the concurrent ISC trials (only two experiments in this case) are
shown in Figure 10.

The first trial was performed from 26 April to 015 May 2019. That is, during the most important
growing period of the trees due to their vegetative activity [67]. The maximum temperature was
20.6°C and the experiment was carried out three days after the last precipitation (2.6 mm) and
seven days since the last storm occurred (139.4 mm). Figure 9a shows the daily voltage
variations, which account for 0.05 V. Moreover, the highest potential difference is gathered at
night. Indeed, the largest difference is obtained at the local sunrise time. The electrical signal
decrease gradually until reach a minimum voltage difference at the zenith. From this moment
on, the registered potential difference begins to increase until the sunset.



The next test was carried out from 29" June to 4™ July 2019 (Figure 9b). The trees in this period
are in one of the most stressful phases of the year due to the high temperatures and scarce
water availability. Measurements were taken 37 days after the last recorded storm, with a
maximum temperature measured by the meteorological station of 36.9°C. Under these
conditions of water stress, the signals continue to show daily oscillations of 0.05 V and an
inversion of the periods of maximum and minimum voltage compared to the spring period.
There is a steep voltage reduction for the period between 9:30 p.m. and 10:00 a.m. of the next
day. Later, there is a relatively moderate voltage increase between 10:00 a.m. and 2:00 p.m.
Then, a stability period is reached until approximately 8:30 p.m. to end up with a marked
decrease until approximately 9:30 p.m., when the cycle begins again.

Other measurement series were made during the period between the 15 and the 20" of June
2020 (Figure 9c). With an elapsed period of five days since the last period of rainfall, when 10.6
mm were collected in three days of rain. In this period, the weather station recorded a maximum
temperatures of 26.6°C. The graph shows no apparent variations between night and day hours.
On June 19, we observe a marked electrical anomaly of more than 1 V that coincides in date
and time with an electrical storm with hardly any measurable rain (0.6mm) over the tree area.
The sudden increase of voltage disappeared few hours after the storm had vanished. Figure 9c
also outlines a clear downward trend in the voltage values along the studied period.

Furthermore, between the 6™ and the 12" of March 2021, the maximum recorded temperature
was 22.1°C, while the minimum accounted for 2°C. During this measurement period, an overall
rainfall of 21.4 mm was recorded on the 7™ and the 8" of March, in this case without any
atmospheric electrical activity. This rain event coincides with a sudden increase in the registered
electric signal amplitude as shown in Figure 9d. Unlike the transitory voltage behaviour displayed
in Figure 9c, the electrical signal does not return to the previous level it held before the
precipitation occurred (0.4 V). On the contrary, after the rain episode, a voltage magnitude of
0.6 V is maintained for almost two days. Then, it slowly decreases up to values close to 0.5 V.

During the last two voltage experiments, ISC measurements were also gathered. The related
results are displayed in Figure 10. The experiment carried out in June 2020 (Figure 10a) shows
the trend of the ISC along the studied period. It can be seen that its evolution resembles the
voltage progress, including the electric anomaly derived from the storm. Unlike the voltage
trend, the ISC shows clear maximum and minimum values, corresponding to midday and some
hours after midnight, respectively. In this case, a voltage level of 0.4 V is enough to sustain some
current. However, its magnitude is close to zero. Similarly, the ISC measurements gathered
during the second week of March 2021 (Figure 10b) display the same voltage trend of that week:
after the rain event, the ISC and the voltage remain much higher than before the rainfall. In
particular, the initial current level of 0.4 YA is multiplied by a factor of 10 after the rain and
slowly decrease at a rate of 1 pA each two days approximately. In this case, no clear local
extrema are distinguishable during this week. This means that the surplus of electricity derived
from the intense rain masks the daily electrical oscillations.
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4th July 2019. C) from 15th to 20th June 2020. D) from 6th to 12th March 2021
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Figure 10. ISC evolution during two different short-term experiments. ISC evolution (A) and (B)
correspond to the experiment shown in (C) and (D) of Figure 9, respectively.

4 Discussion

4.1 Long-term evolution

The long-term evolution of the voltage and the ISC in the trees is strongly affected by the
seasonal characteristics of the Mediterranean climate: low and occasionally zero electrical
signals are collected during dry periods, that is, in winter and especially in the middle of summer
as shown in Figure 4. In this sense, the hydric stress suffered by the trees during these periods
leads to yellow colouration and a lower needle density [59]. This contrasts sharply with the
intense green colour and the higher needle density displayed by the pines in autumn and spring,
as shown in Figures 4C and 4D when both electrical components are at their maximum values.
Prior literature also reports seasonal variations of the voltage in trees under controlled
conditions over long periods [12,19,56]. However, extreme values might be obtained in different
periods according to the climatic characteristics of each location and consequently to the
adaptation of each tree species to the environmental conditions of its habitat.

In this research, voltages below 0.6 V do not support any measurable ISC values. These records
are normally gathered during the summer season and in the coldest months of the year. Thus,



we expect the tree to stay in a dormant state when such magnitudes are measured. In addition,
the rainfall seems to be strongly correlated with the ISC magnitude throughout the year, with
the only exception of the spring months. During this period, sustained ISC values are measured
regardless of the precipitations. Certainly, it is known that Pinus halepensis presents marked
seasonally growth periods [60] due to the climatic pattern along the year, concentrating its main
physiological activity in spring when water availability is high and temperatures are in the
optimal range. Alternatively, Pinus halepensis stops growing during the summer and winter.
Moreover, it is known that the lack of water leads to the interruption of plant growth in many
species, including this Mediterranean pine [59]. We similarly demonstrate that the electrical
signal, especially the intensity, shows a reduction in the periods when the water availability is
scarce. Hence, we expect the ISC magnitude to be a good indicator of the physiological state of
the tree and that values below the given voltage threshold correspond to null net photosynthetic
activity. Moreover, Gil et al. [14] found that the voltage values gathered in avocado trees under
controlled conditions were dependent on changes in the soil water content.

In addition, some authors have identified a seasonally differentiated effect of the temperature
on the radial growth of Pinus halepensis [60]. They reported a negative relationship in the
months of July to October and a positive one during the first semester of the year. We have also
detected such a bimodal trend in our results: during the first half of the year, there is a positive
correlation between the temperature and the voltage, while it is negative in the second half.
Hence, considering the growth-temperature dependence described in [60], it might be possible
to establish a correlation between the pine growth and the voltage.

Another outcome of this research is the analysis of the electrical signal of individual trees. The
individual measurements confirm that all trees experience similar trends regarding their
electrical output. However, there is some signal variability, especially in the intensity magnitude
(Figure 4b) and to a lesser extent in the voltage (Figure 4a), despite being all specimens coeval
and located in a plot with similar soil characteristics. Similarly, minor differences could also be
appreciated among the trees regarding their external aspects and the harsh periods regarding
extreme climatic conditions. The dissimilarities among the specimens could be a consequence
of the micro-geology around each tree. Indeed, minor local differences in the soil and subsoil
properties can also affect the tree response [61]. Furthermore, other authors mention that the
influence of microsites [62] and the morphological attributes of each tree [63] can confer unique
characteristics to each specimen and thus, a partially different electrical response might emerge
in each tree.

4.2 Short-term evolution

The appearance of daily cyclical variations of the electrical response coincides with the
experiences reported by other authors [42,56]. Figure 9a displays voltage oscillations, whose
mean value is close to 1 V. The signal range, i.e., the maximum and minimum value difference is
around 30 mV. This figure is very close to that published by Koppan [56], who measured daily
voltage variations in Quercus cerris during the same week of the year and also reported
maximum values at night and minimal during midday. Alternatively, daily variations during
summer display an inversion (Figure 9b) with respect to the time of local extreme appearance
in spring (Figure 9a): minimal voltage values are gathered at night and the highest
measurements are obtained during the day in the hot period.



During two of our short-term trials, two electrical anomalies originated by an electrical storm
and a punctual rain were registered. In the first case, a sudden and transient increase in the
voltage and the ISC was detected (Figure 9c and Figure 10a). On the contrary, in the second case
a signal enlargement was recorded that lasted longer than the atmospheric instability (Figure 9d
and Figure 10b), probably due to a higher water availability in the soil. Hence, atmospheric
events can also alter both electrical magnitudes and have to be taken into account when
analysing short-term characteristics of the electrical signals in Mediterranean pines. Moreover,
the ISC measurements describe the same behaviour as in the voltage case after the appearance
of the mentioned electrical phenomena, as displayed in Figure 10a and Figure 10b. Similar
electrical alterations were observed in [56], since the voltage maxima in Fagus sylvatica are
enhanced when atmospheric electricity is present. Moreover, precipitation was found to impact
the electrical outcome for several days as it occurs in our research.

Additionally, some authors have observed the reversal of the current flow in the trees due to
the presence of positively charged atmospheric islands [57]. Nevertheless, we could not
recognize such a phenomenon in our measurements.

In summary, we have identified the existence of seasonal and daily patterns of both electrical-
signal components of Pinus halepensis in natural ecosystems. In addition, we have also found a
clear correlation between the fallen precipitation on the area and the variations in the electrical
signal of the trees, especially with respect to the electrical intensity. Remarkably, we found a
minimum voltage of 0.6 V that is necessary to measure intensity flows in our circuit. Since lower
voltage values are only measured during the most demanding periods of the year, that is, when
the pines have a very low photosynthetic activity, we think that the ISC could be a good
estimator of the physiological activity. Moreover, soil humidity is the most limiting factor for
pine growth in the Mediterranean ecosystem and periods without rain are clearly correlated
with low voltages and zero ISC measurements. So, the measured electrical components seem to
be potential estimators of the tree health and activity, e.g. monitoring moisture content and
consequently, bushfire or pest risk.

Further work is necessary to predict the contribution of each atmospheric and environmental
factor to the electrical signal. Indeed, a complete understanding of the electrophysiological
behaviour of Pinus halepensis is critical for future applications such as bushfire risk or pest
monitoring and detection. Hence, the electrical signals generated by the trees could be used as
indicators of the tree physiological state and thus, leveraged for in situ and permanent
monitoring of Mediterranean forests in the actual scenario of climate change.
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