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Abstract—Accurate, low-power and reliable plant monitoring
systems in smart agriculture are crucial to better resource
management, such as water usage. Direct plant monitoring,
particularly trunk electrical bio-impedance monitoring, is a
promising solution to precisely monitor plants’ health conditions
without relying only on environmental measurements. This pa-
per showcases data acquisition and a preliminary observation
campaign on apple trees from a professional orchard using a
previously developed trunk bio-impedance sensor. The system
operated in the field for one year, continuously sampling data
every 10 minutes. The implanted electrodes exhibited good
biocompatibility after an initial wound recovery period from
the plants. The preliminary results revealed trunk bio-impedance
trends generally consistent with existing literature regarding veg-
etative states and astronomical seasonal variations in apple trees;
moreover, the strength of daily components ranged from high
values of seasonality intensity index (4.94, 6.37) during spring
(vegetative growth) to low values during summer (0.29, 0.41),
likely due to high temperatures and limited water availability.

Index Terms—Bio-impedance Monitoring, Plant Health Moni-
toring, In-vivo Monitoring, Climate-Smart Agriculture, Internet
of Things

I. INTRODUCTION

Feeding the global population has consistently been a signif-
icant challenge, and this issue has intensified in recent decades
due to climate change and the rapid increase in population.
Current projections estimate that the global population will
reach 10 billion by the end of this century [1]. Simultaneously,
anthropogenic climate change is significantly diminishing the
availability of arable land worldwide. Agriculture plays a dual
role in this context: it is vital for food production but also
contributes heavily to environmental degradation. It accounts
for 26% of global greenhouse gas (GHG) emissions and for
70% of total freshwater withdrawals [2].
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Climate-smart, or precision, agriculture aims to address these
concerns by enhancing crop yield while minimizing envi-
ronmental impact. Nowadays, this is typically achieved by
monitoring the environment around crops [3], [4]. While this
approach can provide valuable data, studies have indicated that
plant health can decline even without observable environmen-
tal changes [5]. This is because it is tough to assess plant
health without examining the internal physiological status of
the plant throughout its natural lifecycle. As a result, research
has increasingly focused on sensors placed directly on plants
to gather more relevant and precise information [6]—[9].

An interesting area of interest is measuring electrical
impedance in plant stems or trunks [10]. This method is
promising for assessing water stress in plants, as it is
closely related to Soil Water Potential (SWP) [11] and biotic
stresses [12]. However, current in-vivo stem/trunk impedance
analysis techniques rely on complex, power-hungry, and ex-
pensive procedures usually involving laboratory-grade equip-
ment. A promising alternative involves using a portion of the
plant stem or trunk in the feedback loop of a relaxation oscil-
lator [13]. The output of the relaxation oscillator is a square
wave signal having a variable frequency. A strong inverse
correlation has been demonstrated between stem electrical
impedance and the frequency produced using this method [14],
making continuous monitoring of stem electrical conductance
and, consequently, evaluating the plant health status more
accessible.

Nonetheless, this method has mainly been tested on plants in
laboratory conditions [11] or during short-term experiments in
research centers, such as with young apple crops [13], which
do not provide a comprehensive view of real-world agricultural
scenarios. These real conditions involve mature crops, field
treatments (e.g., pesticide applications or soil tillage), pruning,
and harvesting, where plants experience various types of stress
(e.g., chemical, physical, environmental).

In particular, apple orchards follow a periodic cycle com-
posed of vegetative growth, flowering, fruit development and
maturation, harvest, and dormancy [15], during which trunk
electrical conductance varies not only daily but also seasonally
depending on the phenological stages of the crop.

This study aims to fill this knowledge gap by presenting
a preliminary analysis of trunk frequency data, an indirect
measure of trunk electrical bio-impedance, from two adult
plants in a professional apple orchard in Italy, as introduced



in a previous contribution [16]. In addition, soil data are
collected through the setup described in [16], enabling the
extraction of potential correlations with parameters such as
soil matric potential. The proposed solution has been deployed
in the field for over a year, demonstrating its suitability
for harsh agricultural environments and long-term continuous
monitoring operations.

II. SETUP

The electronic system presented in [13] was installed within
a professional apple orchard at two locations. Briefly, the
electronic system (hereinafter referred to as WAPPIMP) can
indirectly monitor the bio-impedance of a plant trunk section,
providing as output the so-called trunk frequency. This is the
frequency of the square wave signal generated by a relaxation
oscillator in which the plant’s trunk section is inserted in
the feedback loop of the circuit [13] through two nails as
electrodes.
The two stainless steel nails into the trunk are placed approx-
imately 15cm apart. Each nail was inserted 2.0cm into the
trunk to reach the internal vascular tissue while minimizing
potential damage from electrode placement. Stainless steel
was chosen as the electrode material due to its resistance to
oxidation and its biocompatibility.
In addition, WAPPIMP can sense air temperature and relative
humidity, as it is equipped with an HDC2080 [17] sensor, an
integrated circuit by Texas Instruments, which measures these
two environmental parameters. Data are transmitted via the
LoRa protocol, enabling continuous monitoring of the trunk
frequency in the plant, directly in the field. The measurement
interval of WAPPIMP is set to 10 min.
One WAPPIMP unit was installed in F2_CV2 and the other
in F2_EX2.
Additional data are provided by the WAPPSEN electronic
system [18]. One such system is installed at the same location
as each WAPPIMP unit (one in F2_CV2 and one in F2_EX?2),
providing soil matric potential data at depths suitable for adult
apple root layer (20 cm and —40 cm). The WAPPSEN system
also records data at 10 min intervals.

I[II. METHODOLOGY

This study aims to evaluate the effectiveness of the previ-
ously described setup for continuous, year-long measurements
on two apple trees in a professional orchard and to study
its relationship with environmental parameters, including air
temperature, humidity, and soil matric potential. Electrical bio-
impedance measurements of a plant’s trunk can be associated
with soil matric potential, allowing for an estimation of the
overall health status of the plants, as documented in previous
studies [13], [14].

This approach uses a relaxation oscillator in feedback with the
plant itself: the generated square-wave frequency is inversely
correlated to the modulus of the trunk’s impedance, as demon-
strated in [14].

It is documented in the literature that plants respond differently
to environmental conditions and seasonal changes [19], [20].

For example, deciduous species such as apple trees undergo
dormancy during the cold season. In this study, the overall
behavior of the trunk frequency is evaluated in terms of long-
term variations (weeks or months) and short-term variations
(daily). Trunk frequency and environmental data were col-
lected from April 16th, 2024, to May 15th, 2025; samples from
April 16th, 2024, to June 1st, 2024, were discarded from the
analysis due to wound healing of the plant. This aspect will
be discussed more in depth in section Section IV-A.

Trunk frequency data was decomposed into seasonal compo-
nent and long-term trend using Seasonal-Trend decomposition
based on LOESS (STL) [21], and a preliminary observation
campaign was carried out. Hereinafter, the term seasonal
will indicate periodic behavior (primarily daily). We will
explicitly use the term astronomical seasonality when referring
to behavior associated with astronomical seasons.

Given the variability across astronomical seasons in envi-
ronmental conditions as well as plant physiology, the analysis
was split into the following loose astronomical season periods:

o Winter: December 1st 2024 to February 28th 2025;

o Spring: March 1st 2025 to May 31st 2025;

e Summer: June Ist 2024 to August 31st 2024;

e Autumn: September 1st 2024 to November 30th 2024.

STL can capture varying trends and seasonal components;

however, a key assumption of the algorithm is the consistent
presence of seasonality in the data, an assumption that may
not always hold.
For this reason, a strategy similar to that proposed by the
authors in [22] was adopted to assess the presence of a signif-
icant seasonal component. For each astronomical season, the
seasonality strength was assessed by evaluating the magnitude
of the daily component on a periodogram, compared to the
others: a seasonality index was calculated as the ratio between
the amplitude of the dominant seasonal component (daily) and
the sum of all the others. A higher seasonality index indicates
a greater daily variation in trunk frequency measurements.

IV. RESULTS AND DISCUSSION
A. Healing Time
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Fig. 1. Trunk frequency raw values recorded from April 16th 2024, the

installation day. During the healing period, a significant amount of signal
noise from the WAPPIMP sensors can be observed.

Inserting two needles into a mature apple plant causes
physical damage to its tissue. As stated earlier, each needle



was inserted for around 2 cm, with the electrodes placed 15 cm
apart. Thinner needles increase the likelihood of breakage
when in contact with the plant’s woody structure. Unlike soft-
stemmed species, where finer needles can be employed, a
thicker needle was chosen for this application, as described
in [13].

The two WAPPIMP trunk frequency sensors were installed on
April 16th 2024.

Fig. 1 shows the data collected during the initial months from
the two monitored plants, one at the experimental site and
the other at the conventional site. A significant amount of
signal noise is evident for approximately the first one to one
and a half months. This is likely due to the time needed for
the mature apple trees to establish a stable interface with the
stainless steel electrodes. Consequently, the analysis begins on
June 1st 2024.

The insertion was done without wound sealants. Wound
sealants, such as grafting mastic or pruning paste, are ap-
plied to plant injuries to promote healing, prevent infections,
and protect the exposed tissue from pests and environmental
stress. Their usage in the insertion operation could reduce the
required recovery time.

B. Observation Campaign

The results of the data collection, along with the seasonal-

trend decomposition segmented by loose astronomical seasons,
are presented in Fig. 2, in relation to the environmental
conditions surrounding plants, specifically air temperature,
relative humidity, soil water potential [23], and day-night
cycles.
Moreover, Table I reports the calculated seasonality index for
each astronomical season. As expected, the behavior of the
plants under analysis differs from one astronomical season to
another.

TABLE I
SEASONALITY INDEX BY SEASON AND PLANT
Pseudo Astronomical Season Plant 1  Plant 2
Summer 0.29 0.41
Spring 4.94
Autumn 2.70 2.04
Winter 2.16 2.14

1) Winter: The bottom subplot pair in Fig. 2 presents
the measurements collected during the winter period. Air
temperature generally decreased steadily until the second week
of January, with average values remaining below 5 °C. Relative
humidity generally ranged between 70% and 90%, partly influ-
enced by rainfall events. These rain events positively affected
soil hydration, as indicated by soil water potential values
consistently close to 0 kPa (values of soil water potential close
to O indicate wet soil, while drier conditions result in more
negative values). In summary, the climate during this period
was characterized by cold and humid conditions. The plot in
the left-most winter section also shows the trend extracted
through the decomposition procedure: trunk frequency, re-
flecting the conductivity of the plant’s trunk section, steadily

decreased until the second week of January, following a
pattern similar to that of air temperature. The moderate-high
overall winter seasonality index for both plants reported in
Table I indicates that overall during this season, daily behavior
is present; however, the magnitude of it varies, as can be
observed in Fig. 2. The intensity of the seasonal component
during winter exhibits higher values till the third week of
January, followed by an overall reduction.

The dormancy of apple trees during winter is a well-known
mechanism; during this period, apple trees gradually enter a
dormant phase in which photosynthetic activity and nutrient
flow are significantly reduced. This behavior is consistent with
the trends observed in both apple trees analyzed: a generally
decreasing trend is evident up to the third week of January,
followed by a reversal in the trend thereafter.

In the seasonal component plot (right-most plot in the winter
section), a higher daily activity is noticeable in both plants
during the initial part of the period (as indicated by the
amplitude of the seasonal component), which then transitions
into a phase of reduced activity.

2) Spring: Spring measurements are shown in the top

subplot pair in Fig. 2. Overall, air temperature increased
steadily throughout spring, leading into summer. During this
time, temperatures remained above 6—7 °C. Specifically, early
spring was characterized by temperatures ranging between
6 and 8°C; in late spring, temperatures rose to settle on
average between 16 and 18 °C. Air humidity measurements
were constantly above 60%, with periods near 90% due to
rainfall events. During spring, apples accumulate chill hours
(hours with the temperature above 7 °C), and when a certain
quantity is reached, the dormancy period ends. During this
period, it is expected an increase of photosynthetic activity,
nutrients and water flow through the trunk.
During the analyzed spring period, the trunk frequency sensor
recorded a constant and stable upward trend, indicating a grad-
ual increase in trunk conductivity, suggesting a higher presence
of nutrients, consistent with the hypothesis of dormancy break
and the onset of vegetative growth. Furthermore, the seasonal
component plot for the spring period shows generally higher
activity compared to the preceding winter dormancy phase,
confirmed also by high values of seasonality index in Table I
for both plants (4.94 and 6.37).

3) Summer: Summer showed higher temperatures, relative
humidity around 70-80%, and strongly negative soil water
potential values, indicating limited water availability in the
field. The trend of trunk frequency decreases and no longer
follows the temperature trend as it did in previous sea-
sons. Interestingly, the seasonal plot revealed a reduced daily
component compared to other astronomical seasons, further
confirmed by the magnitude of the seasonality index in Table I
(0,24 and 0.41), indicating, likely due to prolonged hot weather
conditions combined with limited water availability.

4) Autumn: During autumn, temperature measurements
show a gradual decrease, and relative humidity exhibits an
increase associated with rainfall events. These precipitation
events also contribute to an overall increase in soil water
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Fig. 2. Seasonal STL decomposition of trunk frequency measurements over one year. The four plots on the left display the extracted trend components from
the STL decomposition of trunk frequency data (orange and blue solid curves) and corresponding environmental variables—temperature (dashed red), relative
humidity (dashed blue), and soil water potential (solid purple)—for both installed devices, segmented by season. The plots on the right show the seasonal

components of trunk frequency for each device, segmented by season.

potential, indicating improved water availability in the field.
In response to these changing climatic conditions, a general
upward trend in trunk frequency is observed, suggesting in-
creased conductivity up to the first days of November. This
behavior can be attributed to reduced water stress following
the dry summer period, resulting in greater nutrient flow within
plant tissues. As environmental stress decreases, the plant
likely restores its internal water balance, improving physio-
logical function and increasing trunk conductivity. Looking at
the seasonal component graph, we noticed a general activity
increase compared to the summer period and, within autumn
itself, a generally higher activity starting from November till
the beginning of winter.

V. CONCLUSIONS

This study monitored two apple trees from a professional

orchard using a low-cost, low-power bio-impedance sensor
with a long battery life [13], [16]. After an initial healing phase
following electrode insertion, the trees tolerated the sensor
installation well, demonstrating the non-invasive nature of the
measurement approach.
A preliminary observation campaign was conducted over an
uninterrupted monitoring period of approximately one year,
representing one of the few in-vivo, long-term, continuous
monitoring campaigns on fruit trees.

The preliminary results revealed trunk bio-impedance trends
generally consistent with existing literature regarding vegeta-
tive states and astronomical seasonal variations in apple trees;
moreover, the strength of daily components ranged from high
values of seasonality intensity index (4.94, 6.37) during spring
(vegetative growth) to low values during summer (0.29, 0.41),
likely due to high temperatures and limited water availability.
This work highlights how this bio-impedance sensor is sen-
sitive to the detection of physiological mechanisms in fruit
trees, making it a promising candidate for continuous plant
monitoring based on direct observation of plant status, beyond
solely relying on environmental conditions; however, much
work has to be carried out to understand which physiological
phenomena influence plants’ bio-impedance measurements
accurately.

ACKNOWLEDGMENTS

The authors would like to thank the “Giuliano Sacchetto”
farm for its availability in allowing the use of its professional
apple orchard fields for this observation campaign.

REFERENCES
[1] H. Ritchie, L. Rodés-Guirao, E. Mathieu, M. Gerber, E. Ortiz-Ospina,

J. Hasell, and M. Roser, “Population growth,” Our World in Data, 2023,
https://ourworldindata.org/population-growth.



[2]

[3]

[4]

[5]

[7]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

H. Ritchie, “Food production is responsible for one-quarter of
the world’s greenhouse gas emissions,” Our World in Data, 2019,
accessed: 2025-04-29. [Online]. Available: https://ourworldindata.org/
food-ghg-emissions

J. Meier, W. Mauser, T. Hank, and H. Bach, “Assessments on the impact
of high-resolution-sensor pixel sizes for common agricultural policy and
smart farming services in european regions,” Computers and Electronics
in Agriculture, vol. 169, p. 105205, 2020. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0168169919321878
M. D. Dukes, M. L. Sheed, and S. L. Davis, “Aed446/ac446: Smart
irrigation controllers: Operation of evapotranspiration-based controllers.”
[Online]. Available: https://edis.ifas.ufl.edu/publication/AE446

U. Garlando, S. Calvo, M. Barezzi, A. Sanginario, P. M. Ros, and
D. Demarchi, “Ask the plants directly: Understanding plant needs using
electrical impedance measurements,” Computers and Electronics in
Agriculture, vol. 193, p. 106707, 2022.

D. Tran, F. Dutoit, E. Najdenovska, N. Wallbridge, C. Plummer,
M. Mazza, L. E. Raileanu, and C. Camps, “Electrophysiological
assessment of plant status outside a faraday cage using supervised
machine learning,” Scientific Reports, vol. 9, no. 1, p. 17073, 2019.
[Online]. Available: https://doi.org/10.1038/s41598-019-53675-4

N. Coppede, M. Janni, M. Bettelli, C. L. Maida, F. Gentile, M. Villani,
R. Ruotolo, S. Iannotta, N. Marmiroli, M. Marmiroli et al., “An in vivo
biosensing, biomimetic electrochemical transistor with applications in
plant science and precision farming,” Scientific reports, vol. 7, no. 1, p.
16195, 2017.

V. Pagay, M. Santiago, D. A. Sessoms, E. J. Huber, O. Vincent,
A. Pharkya, T. N. Corso, A. N. Lakso, and A. D. Stroock, “A
microtensiometer capable of measuring water potentials below -10
mpa,” Lab Chip, vol. 14, pp. 2806-2817, 2014. [Online]. Available:
http://dx.doi.org/10.1039/C4LC00342])

U. Zimmermann, F. Miiller, A. H. Haase, D. Geifller, and R. Bentrup,
“A novel, non-invasive, online-monitoring, versatile and easy plant-
based probe for measuring leaf water status,” Journal of Experimental
Botany, vol. 59, no. 11, pp. 3157-3167, 2008. [Online]. Available:
https://doi.org/10.1093/jxb/ern171

I. Jocsdk, G. Végvari, and E. Voziry, “Electrical impedance
measurement on plants: a review with some insights to other
fields,” Theoretical and Experimental Plant Physiology, vol. 31,
no. 3, pp. 359-375, 2019. [Online]. Available: https://doi.org/10.1007/
s40626-019-00152-y

U. Garlando, L. Bar-On, P. M. Ros, A. Sanginario, S. Calvo, M. Martina,
A. Avni, Y. Shacham-Diamand, and D. Demarchi, “Analysis of in vivo
plant stem impedance variations in relation with external conditions daily
cycle,” in 2021 IEEE International Symposium on Circuits and Systems
(ISCAS), 2021, pp. 1-5.

T. Repo, A. Korhonen, M. Laukkanen, T. Lehto, and R. Silvennoinen,
“Detecting mycorrhizal colonisation in scots pine roots using electrical
impedance spectra,” Biosystems Engineering, vol. 121, pp. 139-
149, 2014. [Online]. Available: https://www.sciencedirect.com/science/
article/pii/S153751101400035X

S. Calvo, M. Barezzi, D. Demarchi, and U. Garlando, “In-vivo proximal
monitoring system for plant water stress and biological activity based
on stem electrical impedance,” in 2023 9th International Workshop on
Advances in Sensors and Interfaces (IWASI), 2023, pp. 80-85.

U. Garlando, S. Calvo, M. Barezzi, A. Sanginario, P. M. Ros, and
D. Demarchi, “A “plant-wearable system” for its health monitoring by
intra- and interplant communication,” IEEE Transactions on AgriFood
Electronics, vol. 1, no. 2, pp. 60-70, 2023.

J. A. Flore and G. DeGrandt-Hoffman, “Apple Tree Growth &
Development,” in Biological Monitoring in Apple Orchards: An
Instruction Manual, S. L. Battenfield and M. F. Berney, Eds.
East Lansing, MI: Michigan State University, 1984, pp. 21-35.
[Online]. Available: https://www.canr.msu.edu/ipm/uploads/files/IPMA/
Apple_Tree_Growth_and_Development.pdf

M. Barezzi, A. Sanginario, D. Canone, D. Gisolo, A. Gentile, L. Nari,
F. Pettiti, and U. Garlando, “Wappfruit—an automatic system for drip
irrigation in orchards based on real-time soil matric potential data,” [EEE
Transactions on AgriFood Electronics, vol. 2, no. 2, pp. 293-305, 2024.
Texas Instruments, “HDC2080 Low-Power Humidity and Temperature
Digital Sensor,” https://www.ti.com/lit/ds/symlink/hdc2080.pdf, 2021,
accessed: 2025-05-21.

M. Barezzi, U. Garlando, F. Pettiti, L. Nari, D. Gisolo, D. Canone, and
D. Dcemarchi, “Long-range low-power soil water content monitoring

[19]

[20]

[21]

[22]

(23]

system for precision agriculture,” in 2022 IEEE 13th Latin America
Symposium on Circuits and System (LASCAS), 2022, pp. 1-4.

J. J. Grossman, “Phenological physiology: seasonal patterns of
plant stress tolerance in a changing climate,” New Phytologist,
vol. 237, no. 5, pp. 1508-1524, 2023. [Online]. Available: https:
//mph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.18617

B. K. Blackman, “Changing responses to changing seasons: Natural
variation in the plasticity of flowering time,” Plant Physiology,
vol. 173, no. 1, pp. 16-26, 11 2016. [Online]. Available: https:
//doi.org/10.1104/pp.16.01683

R. B. Cleveland, W. S. Cleveland, J. E. McRae, 1. Terpenning et al.,
“Stl: A seasonal-trend decomposition,” J. off. Stat, vol. 6, no. 1, pp.
3-73, 1990.

I. Cseresnyés, A. Fiizy, S. Kabos, B. Kelemen, K. Rajkai, and T. Takécs,
“Monitoring of plant water uptake by measuring root dielectric proper-
ties on a fine timescale: diurnal changes and response to leaf excision,”
Plant Methods, vol. 20, 01 2024.

A. Bianchi, D. Masseroni, M. Thalheimer, L. Medici, and A. Facchi,
“Field irrigation management through soil water potential measurements:
A review,” Italian Journal of Agrometeorology, vol. 22, 01 2017.



