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Abstract

IoT/LoRa devices emit radiofrequency electromagnetic fields (RF-EMF) ensuring long-range, low-
power communication, and their use in precision agriculture continuously expands. Thus the
interest in the impact of low intensity but long-term EMF exposure on plants has increased. In this
study, maize plants were exposed to 868 MHz EMF for the first 28 days of their development with
soil-buried antennas. Plants were divided into three groups: Control, Sham-exposed, and EMF-
exposed. Biological effects were followed on morphological, physiological and biochemical levels
every week. The plant height values were fitted to Gompertz function to model the growth. The
results showed slightly faster early development of EMF-exposed plants in about 21 days. The
relative dry leaf biomas from EMF-plants was a bit higher than Control and Sham until 21st day.
Chlorophyll fluorescence analysis (JIP-test) indicated photosynthetic stability. Antioxidant enzymes
activity, antioxidant capacity, content of malondialdehyde, hydrogen peroxide and reducing sugars
were measured, and principal component analysis was done for all parameters. In general, the
developmental stage accounted much more than EMF exposure for most of the observed data
variation. The results suggest that under the tested conditions, IoT/LoRa-emitted EMF did not
provoke adverse effects in maize and acted as a modest modulator of physiological functions.

Keywords: IoT; precision agriculture; LoRaWAN; soil sensors; RF-EMF; carrier wave; plant stress;
redox status; photosynthesis; multivariate analysis

1. Introduction

Precision (smart) agriculture is the integration of modern information and communication
technologies in farming in order to increase productivity, sustainability and efficient use of resources.
Itis based on data collection and analysis, automation, artificial intelligence and precise management
methods. Data collection is carried out by wireless sensor networks based on Internet of Things (IoT)
and Long Range (LoRa) protocols. LoRa works in 868 MHz and 915 MHz bands in Europe and in
North America, respectively. The specific characteristics of these bands ensure long-range, low-
power communication with better penetration [1]. With the increasing need for effective management
of soil in changeable weather conditions, specialized antennas designed for underground
deployment are being developed and tested to provide reliable communication in smart agriculture
systems. Underground antennas allow for effective monitoring and management of soil and plant
parameters, ensuring continuous data exchange in real time [2—4]. These technologies are beneficial
for modern agriculture and guarantee more rational use of resources such as water and fertilizers,
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reduce the costs of plant growing but increase the local electromagnetic (EM) background in
agricultural environments. Plants are sessile organisms permanently exposed to these artificially
generated radiofrequency electromagnetic fields (RF-EMF). Even subtle physiological alterations in
crop plants induced by RE-EMF could affect the quantity and quality of production.

Therefore, it is necessary to study and control the impact of RF-EMFs on plants in order to
minimize potential negative effects. EMFs affect plants at different levels — from molecular to cellular
and tissue, to entire organism [5]. Perception of RE-EMFs begins with absorption of energy by water
molecules, alterations in their interaction with ions and in hydration of biological macromolecules,
followed by changes in ion transport and enzyme activity. Very important biophysical mechanism
suggested for the non-thermal effects of low intensity RF-EMF on plants involves the activation of
voltage-gated calcium channels or their plant homologues, such as two-pore channels, located in the
plasma membrane [6]. These channels are regulated by a highly sensitive voltage sensor. Due to high
electrical resistance and low dielectric constant of plasma membrane, the effective force exerted on
this sensor is strongly amplified relative to the aqueous phase [6]. The resultant channel opening
triggers a rapid influx of Ca?* into the cytosol, where calcium functions as a second messenger and
modulates stress-responsive gene expression and downstream metabolic pathways [6-8]. Another
basic mechanism of biological effects of low intensity RF-EMFs is related to alterations in enzyme
activity. These initial biophysical events could provoke metabolic and proteomic alterations.
Modified activity of antioxidant enzymes could lead to oxidative stress, resulting even in DNA
damage.

RF-EMFs can alter the expression of genes associated with stress responses, to induce mutagenic
effects, changes in the mitotic index and increased frequency of chromosomal aberrations [9-11].

All these mechanisms lead to changes at the metabolic, tissue, organ and organismal levels —
changes in metabolites synthesis, root and stem length, total biomass, registered in different plant
species - wheat (Triticum aestivum L.) lettuce (Lactuca sativa), Arabidopsis thaliana (Col.), onion (Allium
cepa), duckweed (Lemna minor L.) exposed to RF-EMFs with different frequencies, intensity, time of
irradiation etc. [6,9,12-14].

In tomato plants, short-term exposure to 900 MHz (5 V/m) leads to rapid expression of stress-
related genes, similar to response to mechanical injury. This suggests that even weak fields can be
perceived as a noxious stimulus [15].

At the whole plant level, such cellular changes may result in alterations in growth rate, biomass
accumulation, root development, or reproductive performance [8,16-19]. However, the effects
described in available literature reveals considerable variability: some studies report inhibitory, other
— stimulatory effects, some have not obtained measurable changes in investigated parameters,
especially under chronic low-intensity exposure [8,16]. The results outline a species-specific
dependence of effects, determined of species-specific sensitivity, with maize (Zea mays L.) among the
more sensitive crops [8,16]. It should be kept in mind that biological outcomes depend strongly on
EMF parameters — frequency, intensity, polarization, continuous or pulsed irradiation, exposure
duration etc., as well as the plant’s capacity for phenotypic plasticity, which often enables adaptation
to a constant low-level anthropogenic electromagnetic background [8,16].

IoT/LoRa devices operate at frequencies used in mobile telephony but at lower power densities
and specific duty cycles compared to the higher-intensity sources (e.g. experimental GSM simulators)
used in many earlier studies [5]. Most existing research has applied higher-power continuous
exposures, and controlled studies, which included a control group and a sham exposed group and
accounting for ontogenetic drift between leaf stages, are scarce. To address this gap, the present study
examined the early-stage physiological responses of maize (Zea mays L.) — a globally important staple
crop, to continuous low-power 868 MHz EMF exposure simulating IoT/LoRa carrier wave employed
by soil sensors in precision agriculture. By employing a three-group experimental design (Control,
Sham exposed, and EMF exposed), growth dynamics modeling, and biochemical profiling of
antioxidant capacity, hydrogen peroxide (H202), MDA, enzyme activity and reducing sugars across
distinct leaf ontogenetic stages, we aimed to determine whether IoT/LoRa emissions induce oxidative
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stress, disrupt carbohydrate metabolism, or alter growth rate of young maize plants under controlled
conditions in laboratory.

2. Materials and Methods

Maize plants (Zea mays L. cultivar Knezha-683A from the Maize Research Institute, Knezha,
Bulgaria) were grown, treated and examined in a laboratory setting. Sixteen plastic 4-liter pots were
used, each containing 3 L universal peat-soil mixture with pH 6.5 (Gamma Company Ltd., Sofia,
Bulgaria), which corresponded to 755+12 g dry substrate mass. 17 seeds per pot were spread
homogenously and were sown at 2-3 cm depth in 16 pots. The plants were grown for 28 days in
growing chambers under the following conditions:

e 80 umol photons-'m2 photosynthetic photon flux density;
. 12/12 h light/dark photoperiod;

e ambient temperature and humidity in the range 25-30°C and 55-60%, respectively.
Every few days the pots were watered properly and changed round in the chamber to minimize
positional effects. The pots were divided into three experimental groups:

1. Control: Plants grown under controlled standard conditions (6 pots).

2. Sham exposed: Plants grown with antenna at the bottom of the pot buried under the soil but not
emitting RF-EMF radiation in order to control for potential biological effects of antenna body
presence in the pot (4 pots).

3. EMF exposed: Plants grown with antenna at the bottom of the pot buried under the soil, emitting
RF-EMF (6 pots).

Flexible, low-profile antennas (2 mm thick) were designed and fabricated for the experiment.

Each antenna was coated with sanitary silicone to protect against moisture when buried in soil at the

bottom of a pot. The exposure setup is illustrated in Figure 1.

Figure 1. Exposure setup.

Each antenna placed at the bottom of a pot covered with soil was connected via a coaxial cable
and an N-connector to a three-way power splitter. The two three-way splitters, connected via a two-
way splitter, to the output of a power amplifier (Teseq CBA9423, 50 dB gain). The amplifier received
a signal from a Rohde & Schwarz SML03 signal generator (9 kHz-3.3 GHz) at —23.8 dBm at 868 MHz.
This setup delivered 10 mW input power at 868 MHz to each antenna. The chosen power of 10 mW
is close to values used in precision agriculture, particularly for underground-to-above-ground
communications with LoRaWAN [20].
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In addition, near the pots, measurements were performed using a spectrum analyzer under the
EMF exposure conditions described above (i.e., with the generator and amplifier delivering 10 mW
to each antenna buried in the soil). The results presented in Figure 2 show that the 868 MHz signal is
dominant, while all other signals are at least 30-50 dB below it. Hence, we can conclude that the EMF
exposure conditions are well controlled and that any observed effects would be due to the applied
EMF at 868 MHz, intended to simulate LoORaWAN communications in precision agriculture.

AN

Figure 2. Measured electromagnetic spectrum in the vicinity of the pots under exposure conditions
(10 mW per soil-buried antenna).

All pots were distributed between two identical growth chambers. The EMF-exposed group was
placed in a separate laboratory to ensure that the control and sham groups were not subjected to
significant EMF exposure. The EMF treatment was carried out throughout the 28-day experimental
period covering the early stages of plant development as sprouts, seedlings and young plants, when
a high sensitivity to environmental factors is expected. The exposure was interrupted once a week
for short time just when analyses were performed.

The physiological state of the plants was evaluated every week by morphological, biochemical
and biophysical methods. EMF exposure from a soil-buried antenna is at higher level in the roots
than in the above-ground parts of a plant. Examinations of maize roots developing in soil are hardly
feasible in practice because the roots are fragile, branched and intertwined, and their good separation
from soil is hardly possible. So, we have focused on aerial growth and leaves analyses. Moreover,
any disturbance in the root physiology would reflect on their function to provide the necessary water
and nutrients to above ground parts, and would have consequences for the aerial parts, and the crop
yield.

Plant growth was assessed by measuring the length of the whole plant in centimeters from the
soil to the top of the longest leaf on 7t, 14t 20th and 27t days after the seeds sowing. At the same
time periods except at day 7 chlorophyll a fluorescence was recorded. Kinetics of chlorophyll a
fluorescence were recorded using M-PEA fluorometer (Hansatech Instruments Ltd., UK). The
performance of photosynthetic light reactions was monitored by JIP-test [21,22]. From each pot 4
plants were chosen at random excluding outliers lagging in development. From those 4 plants, 4
leaves sharing the same ordinal number from the bottom up were measured: 274 leaf for days 14 and
20, 3 leaf for day 27.

All the leaf biochemical parameters were examined on 14t, 21st and 28t days after the seeds
sowing by weighing, cutting and mixing the leaves used for fluorescence measurement for each pot.
Relative dry biomass (%) was assessed as:

DW/FW, )

where DW is dry weight and FW is fresh weight of the top parts of the investigated leaves, both
measured in grams on analytical scale. The water balance was determined by calculating leaf water
content (relative units) as:

(FW-DW)/DW . ()

Fresh weight of the mixed-cut-leaves material sampled for a particular biochemical analyses was
measured separately and its dry weight was calculated utilizing (1) as:

DWbinchemistry = FWbinchemistry * (DW/FW) (3)
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Plant primary metabolism was probed by the reducing sugars content versus glucose standard
(mg Glucose/g DW) by the method of Plummer [23]. The redox status of the leaves was estimated by
hydrogen peroxide (H202, nmol/g DW), malondialdehyde (MDA nmol/g DW), total antioxidants’
content and antioxidant enzymes’ activity. H,O, and malondialdehyde MDA were determined
following the Rainbow protocol [24]. Antioxidant capacity (umol Trolox/g DW) was established
versus Trolox standard (Trolox equivalent antioxidant capacity, TEAC) by utilizing the ABTS radical
cation decolourization assay [25] as described in Kouzmanova et.al. [26]. Catalase (CAT) activity was
determined by the spectrophotometric method of Aebi measuring H202 decomposition at 240 nm
[27]. Superoxide dismutase (SOD) activity was assayed by SOD Assay Kit, 19160, Sigma-Aldrich [28].

The experimental results are presented as mean * standard error of mean (SEM) values
summarized at the pot level for treatment variant for each time period (day). Statistically significant
differences were determined by one-way (factor: treatment) or two-way (factors: treatment and time)
ANOVA followed by Duncan's new multiple range test at p <0.05. All data but CAT dataset passed
normality and homogeneity of variances tests. Since the discrepancy was not vast ANOVA was still
applied for CAT data. However, the 6t Control pot values for the last time point (day 28) were
discarded a priory as a spurious outlier. All the above mentioned statistic procedures along with the
plotting of figures were done in R [29]. Principal component analysis of the whole data set (each data
point — parameter value for a pot on a day) was performed by prcomp function in a custom R script.
All variables were standardized (z-score) prior to analysis.

To characterize treatment-dependent growth trajectories, plant height data were analysed using
the Gompertz model, a non-linear sigmoidal function commonly applied to plant growth processes.
The model was fitted from day 7 onward, with sampling day as the predictor and plant height as the
response variable. The Gompertz model was defined as:

h(t) = A exp[-B exp(-kt)], 4)

where h(t) is plant height (cm) at time t (day), A is the asymptotic (maximal) height (cm), B is a scaling
constant and k is growth-rate constant (day). Inflection point (day), which is an indicator of the
timing of maximal relative growth was also extracted from the model. Representative treatment-level
fits were obtained using the complete set of observed measurements for each treatment. To assess
variability in the model parameters among experimental units, the Gompertz model was also fitted
separately to pot-level mean values across sampling days. Parameter estimation was performed by
non-linear least-squares fitting.

Generative artificial intelligence Kimi K2.6 (Moonshot Al) and Genspark AI Assistant were
used to assist in interpreting the statistical results, including performing plant growth modeling
generating Figure 3b and data for Table 1, drafting and restructuring the Discussion and Conclusions
sections, and harmonizing the academic style and language. All data analysis, modelling decisions,
and scientific interpretations were performed by the authors, who reviewed, edited, and take full
responsibility for the final content.

40- a

Em bc ab) 0

bc

i 30

Treatment

20- |1 control
Sham

B eme

Plant Height, cm
Plant height, cm

Figure 3. Growth of Z. mays plants at normal laboratory conditions (Control), with not working
antenna buried in the soil (Sham), and irradiated with 868 MHz EM wave emitted from soil-buried
antenna (EMF) for 7, 14, 20 and 27 days after sowing: (a) Plant height (cm). Presented values are mean
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+ SEM. Distinct letters denote statistically different experimental variants (two-way ANOVA,
Duncan's MRT, p < 0.05); (b) Gompertz growth curves representative for each treatment group fitted
to the observed plant-height data from Day 7 onward. Points represent observed mean + SEM values
for each treatment, shown with different symbols, and lines represent fitted Gompertz trajectories.
Colors are shared across panels and correspond to the three treatment variants.

Table 1. Gompertz growth model parameters.

Variant  Asymptotic height, cm *  Inflection point, day *  Growth rate constant, day?**

Control 41.11+192 8.9+0.51 2 0.16+0.02 2
Sham 35.84+1.98 2 8.61+0.41 2 0.17+0.02 2
EMF 37.6+1.63 2 7.86+0.36 2 0.2+0.03 2

* Presented values are mean + SEM. Same letters denote means that are not significantly different (one-way
ANOVA, Duncan's MRT, p <0.05).

3. Results

Multiple morphological, physiological, biophysical and biochemical characteristics were
monitored throughout the first month (28 days) of vegetative growth to examine the scope and nature
of the putative biological effect of 868 MHz EMF employed by LoRaWAN precision agriculture
devices during the early stages of development of maize crop. All experimental results are described
in detail below.

3.1. Morphology Analyses

Plant height increased steadily in all treatment groups throughout the experiment (Figure 3a).
Mean values rose from around 10 cm on day 7 to around 35 cm on day 27 after sowing. The growth
was fastest in the period between the 7t and the 14" day when height was more than doubled. Sham-
exposed plants displayed the lowest mean values for each time point while EMF were the tallest at
each but on the last day. However, the discrepancy between Control and Sham increased steadily to
become significant on the 27t day but EMF-treated plants stayed in the Control confidence interval.

The Gompertz function was used to best model the growth of the treatment groups (Figure 3b).
Overall, growth followed a largely common developmental trajectory across treatments. That is best
underscored in the parameter summary presented in Table 1. The model yielded the highest growth-
rate constant for the EMF group, followed by the Sham and Control groups. The estimated inflection
point was likewise earliest in the EMF treatment, followed by the Sham and Control treatments. Even
so, the highest asymptotic height was estimated for the Control group, indicating that the slightly
faster early trajectory under EMF did not result in greater final plant size. However, all those
differences were not statistically significant.

Dry leaf biomass as a percentage of fresh weight was much less dependent on time than growth
alternating in the range 8-10% (Figure 4a). Only Sham exposed plants exhibited full-term dynamics
— DW/FW dipped on the 215t day but on the 28 day recovered to the level on the 7t day, suggesting
a transient negative effect of the antenna presence in the soil on the plants. Control experienced an
increase just at the last time point. Although EMF kept its relative dry weight unchanged throughout
the experiment, it had (pronounced tendencies for) higher values before reaching the last day. That
fact is reminiscent of the growth dynamics. However, it should be noted that leaf analyses on the last
experimental day (28%") included the 3 leaf of the maize plants instead of the 2" leaf as used at the
previous two periods (days 14 and 21) because of its advanced senescence on the 28% day. That fact
might help to better interpret the observed treatment effect discrepancies between examination days.
Differences among treatment groups were most pronounced on day 21 when the 24 leaf is 1.5 times
older than at the previous period, approaching the late phase of its life. The leaf’s nonoptimal
physiological state should make it much more susceptible to various stress factors and thus reveal
the effect of Sham exposure on the relative dry biomass.
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Figure 4. Leaf biomass of Z. mays plants grown at Control conditions, Sham exposed, and exposed to
868 MHz EMF emitting from soil-buried antennas for 14, 21 and 28 days after sowing:. (a) Relative
dry biomass (DW/FW, %); (b) Water content relative to DW. Presented values are mean + SEM.
Distinct letters denote statistically different experimental variants (two-way ANOVA, Duncan's MRT,
p <0.05).

The leaf water content (relative to DW) follows the pattern of DW/FW but in a reverse direction
because both parameters are reciprocally related (Figure 4 a and b). We present both of them to
highlight that relative biomass changes could be influenced by metabolic changes and/or
disturbances of the water balance, while absolute biomass measurements are prone to high variability
pertaining to many factors concerning the individual plant. EMF radiation seems to exert influence
on relative water content leading to a mild deficit in aging leaves as noted by the significant
differences between EMF and Control variants at day 21t when the measured 2nd leaf experience
active senescence. At the same time point, Sham exhibited the highest water content indicating
improved leaf water balance. It did not change neither with treatment nor with time for/between day
14 and 28 when measured leaves had lower physiological age, except for Control between the two
time periods. However, due to the observed discrepancies in the water content, all the biochemical
markers were expressed per gram leaf DW (Equation 3).

3.2. Primary Metabolism Evaluation

To explain morphological alterations primary leaf metabolism, i.e. photosynthesis, was
evaluated by content of reducing sugars as end products of the process, and performance of the light
reactions. Reducing sugars did not differ among treatment groups per day (Figure 5a). Sugars
decreased with time for all variants but EMF — more strongly for Control than Sham.
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Figure 5. Primary metabolism markers in Z. mays leaves for Control, Sham and 868 MHz EMEF-
irradiated plants at 14, 21 and 28 days of treatment: (a) Reducing sugars content (mg Glucose/g DW);
(b) Performance index of the total light-dependent photosynthetic reactions (Pliwtr). Presented values

Day
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are mean + SEM. Distinct letters denote statistically different experimental variants (two-way
ANOVA, Duncan's MRT, p <0.05).

The performance index of the total photosynthetic light-phase (Pltta) probed by JIP-test did not
depend on treatment but dropped heavily on the 20t day to stable levels (Figure 5b). This parameter
integrates the concerted action of light absorption, primary photochemistry, electron transport and
production of NADPH (and ATP) in thylakoid membranes. The fluorescence data supported a
picture of overall functional stability of the photosynthetic machinery that is consistent with the
morphological layer, where time progression also dominated over treatment in determining the final
phenotype. Moreover, the clear time-dependent decrease of reducing sugars and Plwt and the lack
of differences between 20(21) versus 27(28) days might underline the determining influence of whole-
plant metabolism shifts during the development and not a leaf age dependence.

3.3. Redox Status Examination

As further step in seeking 868 MHz EMF-related effect the leaf redox status was investigated.
Malondialdehyde, a marker of lipid peroxidation, was determined to explore the possibility of
treatment-related oxidative stress (Figure 6). However, actual lipid damage correlated to treatment
was not found. On the contrary, transient dynamic alterations in the opposite direction, i.e. lowering
the oxidation level, were revealed. EMF exposed plants displayed lower MDA content on the 21st day
of growth and returned to initial levels at the end of the experiment. Similar but insignificant

alterations on the midterm were present for Control but for Sham such was not practically present.
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Figure 6. Malondialdehyde (MDA, nmol/g DW) in leaves of Control, Sham and 868 MHz EMEF-treated
for 14, 21 and 28 days Z. mays plants. Presented values are mean + SEM. Distinct letters denote
statistically different experimental variants (two-way ANOVA, Duncan's MRT, p <0.05).

Since oxidative stress is determined by the imbalance of oxidants versus antioxidants in favor of
the former both chemical species were measured in the leaves. The hydrogen peroxide was measured
as an (pro-)oxidant giving the most dangerous reactive oxygen species (ROS) in vivo — hydroxyl
radical (‘OH). H20: displayed clear time but no treatment dependence (Figure 7a). H20: is generated
in all aerobic cells due to the vast presence of the best oxidant in biology — the molecular dioxygen,
and its ability to extract single electrons from organic molecules resulting in superoxide radical (-:Oz
), at first and consequently in H20:. Hence such strong linear dynamics might indicate diminishing
metabolic activity during the vegetative period independent on EMF or Sham conditions and
reminds of the less pronounced time-trend for reducing sugars.
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Figure 7. Redox status of Z. mays leaves for Control, Sham and 868 MHz EMF-exposed variants at 14,
21 and 28 days of treatment: (a) Hydrogen peroxide quantity (H202, nmol/g DW); (b) Total antioxidant
capacity (umol Trolox/g DW). Presented values are mean + SEM. Distinct letters denote statistically
different experimental variants (two-way ANOVA, Duncan's MRT, p < 0.05).

The antioxidants were determined by Trolox equivalent antioxidant capacity (TEAC) of the leaf
extracts (Figure 7b). Once again, EMF or Sham exposure did not influence the parameter. On the
other side, there was two-fold decrease in TEAC on the 215t day while the values at the other periods
were identical pointing to the leaf physiological age as the determinant of the antioxidant content.

H:0: is not just a byproduct of the aerobic metabolism. It is an important messenger molecule
in the cell involved in many signal pathways, so its concentration is tightly regulated by its enzymatic
production and degradation. The activity of superoxide dismutase (SOD) — the enzyme that generate
H202 is shown in Figure 8a. The pattern in this figure highly resembles that of H202 which is to be
expected — plant age-related physiology changes were the main factor in determining SOD activity.
Surprisingly, some effect of 868 MHz EMF on SOD was revealed: the treatment lowered moderately
its activity compared to Control/Sham at day 14 and —just to Sham at day 21 but not at the last period.
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Figure 8. Antioxidant enzymes in Z. mays leaves from Control, Sham and 868 MHz EMF-exposed
plants at 14, 21 and 28 days of treatment: (a) Superoxide dismutase (SOD) activity (U/mg DW); (b)
Catalase (CAT) activity, (umol H202/min)/mg DW. Presented values are mean = SEM. Distinct letters
denote statistically different experimental variants (two-way ANOVA, Duncan's MRT, p <0.05).

The activity of catalase (CAT) — the main enzyme degrading H:0:, expressed much weaker
dynamics than SOD, significant for the Control only where it decreased from the first to the last time
point (Figure 8b). Moreover, Sham on the 28t day was the only variant to significant deviate from
the treatment groups in a time point. Tendency for lower values for EMF was noticed.
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3.4. Multivariate Analysis

Principal component analysis (PCA) of the full biochemical, physiological and morphological
dataset revealed that variation was structured primarily by developmental stage, with treatment-
related displacement superimposed as a secondary pattern (Figure 9). The first three components
explained 73.1% of the total variance.
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Figure 9. Principal component analysis (PCA) biplot of morphological, biochemical,
physiological parameters measured in Z. mays across three treatments (Control, Sham, EMF) and
three developmental stages (Day 14, Day 21, Day 28): (a) PC1-PC2 plane; (b) PC1-PC3 plane.
Percentage variance explained: PC1 = 35.6%, PC2 =20.3%, PC3 = 18.6%. Symbols represent individual
pots, coded by sampling day (circles = Day 14, triangles = Day 21, squares = Day 28) and by treatment
colour (green = Control, yellow = Sham, red = EMF). Variable vectors indicate the contribution of each
parameter (height, dry biomass percentage, leaf water content, reducing sugars, MDA, H202, TEAC,
SOD, CAT) to the principal component axes; vector length reflects the strength of contribution and
orientation indicates the direction of correlation. All variables were standardized (z-score) prior to

analysis. PCA was performed on the correlation matrix using the prcomp function in R.

and

On the PC1-PC2 plane, samples arranged along PC1 in a clear temporal sequence: Day 14
(circles) at the negative end, Day 21 (triangles) intermediate, and Day 28 (squares) toward the positive
end. The variable vectors indicate that PC1 was driven by plant height and dry biomass (positive
direction), opposing reducing sugars, SOD, CAT, and H,O: (negative direction). This anticorrelation
reflects the metabolic reallocation associated with rapid stem elongation.

Treatment effects emerged along PC2. Control samples (green) concentrated in the lower half,
Sham (yellow) displaced markedly upward, and EMF (red) showed greater scatter, particularly at
Day 14. By Day 28, the EMF cluster tightened, suggesting consolidation of an initially variable
phenotype. The partial EMF-Sham overlap, together with their joint separation from Control,
indicates that exposure context introduced a measurable physiological component without
producing a distinct EMF-specific signature.

The PC1-PC3 projection corroborated the temporal gradient, while PC3 captured additional
variance linked to MDA and TEAC, contributing to fine-scale separation of late-stage samples.

4. Discussion

The maize growth indicate small transient treatment-related differences (Figure 3). EMF
exposure had slightly accelerated the early growth without producing a bigger plant size at the end
of experiment. In the available literature EMF-related effects on plant growth vary with field
characteristics, exposure regime, developmental stage, and species. EM frequencies of 900 and 1800
MHz ranges are widely investigated. Most of the studies report inhibition of early seedling growth,
but stimulation or lack of measurable morphological effects were also noticed. Exposure of onion
(Allium cepa) bulbs to 900 and 1800 MHz EMEF for 0.5, 1, 2 and 4 hours affected root meristematic cells
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and reduction in root length and increase in thickness were observed. A significant increase in the
mitotic index after 2 and 4 h exposure, and in chromosomal aberrations during 0.5-4 h of exposure
were also observed. Authors concluded that EMFs of 900 and 1800 MHz adversely affect root
meristems in onion plants and induce cytotoxic and DNA damage, more pronounced at 1800 MHz
than at 900 MHz [13]. Wheat plants (Triticum aestivum L.) exposed to 2850 MHz also showed a
reduction in root and stem length, and in total biomass. A decrease in the concentration of
photosynthetic pigments and in the activity of enzymes related to carbohydrate metabolism was also
found [6]. Lettuce (Lactuca sativa) exposed to frequencies of 1890-1900 MHz, 2.4 GHz and 5 GHz
showed a significant decrease in photosynthetic efficiency under outdoor conditions, together with
suppressed expression of stress-related genes and accelerated flowering [9]. Duckweed (Lemna minor
L.) showed reduced growth when irradiated with 900 MHz (2 hours, 23 V/m), while the same
radiation at 400 MHz did not lead to a significant effect. At stronger fields (390 V/m) further growth
suppression was found. A significant increase in peroxidase activity was observed at 900 MHz [14].
Maize seedlings irradiated with 1800 MHz and SAR 0.169 W/kg for 0.5-4 h showed significant
physiological and biochemical changes, including reduced root and coleoptile length, decrease in the
content of photosynthetic pigments and total carbohydrates, as well as strongly increased activity of
enzymes involved in metabolism [30]. In maize (Zea mays) exposed to 900 MHz, an increased
germination rate was reported [31].

In a previous study we failed to register statistically significant changes in morphological
(growth rate, biomass) and physiological characteristics (photosynthetic pigments, reducing sugars,
anthocyanins and malondialdehyde) 10 days after 2-hour exposure of wheat and maize sprouts to
900 MHz EMF, 370 V/m, continous wave [32]. The results of our current experiment are more
consistent with mild modulation of growth dynamics than with either pronounced growth
promotion or growth suppression. The alterations in relative dry biomass and leaf water content
support this hypothesis — the differences between exposed and control/sham exposed plants faded to
the end of experiment. The absence of significant differences in final seedlings height, leaf biomass
and leaf water content suggest that maize plants can adapt to EMF with investigated parameters and
exposure conditions. However, interpretation of the day-28 leaf data requires explicit methodological
contextualisation. During the first three weeks of vegetative growth, the second leaf served as the
primary photosynthetic organ and was the subject of all analyses on days 14 and 21. By day 28, this
leaf had entered advanced senescence, necessitating a transition to the third leaf, which at this
chronological stage is functionally younger and physiologically less mature than the second leaf was
at the preceding time points. This ontogenetic reset introduces a discontinuity in the time series: the
apparent convergence of relative dry biomass and water content across treatments on day 28 (Figure
4) reflects, at least in part, the inherent juvenility of the new leaf cohort rather than a genuine
dissipation of treatment effects. Consequently, the EMF-related elevation in dry biomass and the
Sham-related water-balance perturbation observed at day 21 — measured on the same leaf at a
comparable physiological age — represent the more reliable indicators of treatment-specific
modulation. The data at day 28 contribute to treatment comparison completeness but must be
weighted cautiously when inferring treatment trajectory.

The Sham condition introduced a measurable morphological signal distinct from both Control
and EMF. Sham-exposed plants consistently displayed the lowest mean height values, with the
divergence from Control attaining statistical significance by day 27. Furthermore, the transient
depression of relative dry weight in Sham plants on day 21, followed by apparent recovery on day
28, indicates that the physical presence of the antenna in the rhizosphere was not biologically neutral.
Whether through altered soil compaction, modified microhydrology, or subtle chemical effects, the
inactive device functioned as a handling control rather than as a strict procedural blank — a distinction
that is methodologically critical in studies of low-intensity environmental factors [5]. The fact that at
the periods when Sham expressed lower than Control height and biomass EMF showed no chnages
may indicate hidden protective capability of the low-power 868 MHz EM wave neutralizing negative
antenna matherial influences on the roots but further detailed investigations proving those are
needed to prove this hypothesis.
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The photosynthetic and metabolic data reinforce the ontogenetic dominance observed at the
morphological level. The performance index of total photosynthetic light reactions (Plita), probed by
JIP-test, showed no treatment-dependent variation at any sampling point, indicating broad functional
stability of PSII reaction centres, electron transport, and energy transduction [21,22,33]. This stability
stands in contrast to reports of EMF-induced photosynthetic disruption at higher frequencies or
power densities. Tang et al. demonstrated proteome-level disturbance of the photosynthetic
machinery in Microcystis aeruginosa [7], Pal et al. reported long-term effects of 2850 MHz EMF on
carbohydrate metabolism in wheat [6], and Roux et al. documented altered transcription, translation,
and electric charges in tomato exposed to 900 MHz fields [34]. External RF-EMF can interfere also
with the plant’s endogenous electrophysiological signaling based on electric potential fluctuations,
potentially disturbing intercellular communication and adaptive responses to other environmental
factors [35]. Stefi at al. investigated non-thermal effects of exposure of Arabidopsis thaliana to 1882
MHz, 2072 V/m, 24/7 for 2, 3, or 4 weeks and found alterations in leaves development, reduction in
the number of chloroplasts, decrease of stroma thylakoids and the photosynthetic pigments, resulting
in a weak photosynthetic potential and a consequent reduction of the primary productivity — reduced
biomass of the above the ground parts and the roots, with roots more affected [12]. The absence of
comparable perturbations under the present exposure parameters suggests that 868 MHz carrier-
wave emissions from soil-buried LoRaWAN antennas do not impact photosynthetic machinery.

Reducing sugars and Pliwta declined synchronously across all treatments between days 14 and
21, followed by apparent stabilisation through day 28 (Figure 5). As with the morphological
parameters, this temporal pattern must be interpreted through the lens of leaf-age discontinuity. The
transition from the senescing second leaf (days 14 and 21) to the functionally younger third leaf (day
28) resets the physiological clock; the third leaf is expected to naturally retain higher photosynthetic
capacity and greater soluble sugar content than its predecessor would have exhibited at the same
chronological age of the plant. Thus, the plateau observed on day 28 should reflect an ontogenetic
artefact rather than a metabolic recovery or treatment-specific effect. However, the clear time-
dependent decrease in these parameters between days 14 and 21, and the lack of differences between
the mid-term and terminal measurements could also be determined by whole-plant developmental
shifts rather than leaf-age dependence per se.

The absence of treatment-specific differences in reducing sugar content indicates that carbon
fixation and partitioning were not perturbed by EMF exposure. The metabolic reallocation associated
with the transition from heterotrophic seedling growth to autotrophic establishment — wherein stored
reserves are mobilised and subsequently diluted by structural biomass accumulation — proceeded
identically across all treatments [36]. In this context, the insignificant Gompertz-derived acceleration
in stem elongation observed for EMF plants (Table 1) cannot be attributed to enhanced photosynthetic
output per unit leaf area. Rather, it suggests a more efficient utilisation or altered partitioning of fixed
carbon toward structural elongation, a quantitative adjustment of sink—source relationships that
remained within the homeostatic range and did not coalesce into a generalized metabolic stress
response. It should be noted that reducing sugars (all the monosaccharides and many disaccharides)
have many important roles in plants other than being nutrients: signalling molecules involved in
stress responses and photosynthesis regulation, anti-oxidative processes, etc. Glucose, as a signalling
molecule, regulates all processes of plant growth and development. Decresse of reducing sugars
concentration could affect all these processes with the respective consequences to the plant.

Malondialdehyde, a widely employed proxy for lipid peroxidation [24], was not elevated in
EME-exposed plants; on the contrary, it was transiently lowered on day 21 relative to Control before
returning to baseline levels by day 28 (Figure 6). This absence of treatment-related oxidative damage
contrasts sharply with studies employing higher-intensity RF-EMF. Sharma et al. demonstrated that
mobile phone radiation inhibited root growth in Vigna radiata by provoking oxidative stress,
evidenced by elevated MDA and H20z2levels [19], while Kumar et al. similarly linked 1800 MHz EMF-
induced growth inhibition in maize to metabolic disruptions entailing redox imbalance [30]. Some
authors also considered that exposure to RF-EMF in 900 MHz-1.8 GHz range acts as an abiotic
stressor, inducing oxidative stress assessed by increased MDA levels and membrane damage [16,31].
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To compensate for this effect, plants upregulate antioxidant enzymes (e.g. catalase) and accumulate
proline as osmoprotectant [31,37].

Hydrogen peroxide and total antioxidant capacity (TEAC) exhibited no statistically significant
differences between the treatment groups but pronounced temporal dynamics: H20: steadily
decreased while TEAC dropped sharply on day 21 before recovering on day 28 (Figure 7). Once again,
the day-28 recovery must be interpreted with circumspection owing to the leaf-age discontinuity: the
third leaf, being metabolically younger, possesses a redox profile characteristic of earlier
developmental stages — higher antioxidant capacity and lower steady-state H2O2 — than the senescing
second leaf would have displayed.

The enzymatic antioxidant profile, however, revealed a selective EMF effect that persisted
independently of this confounder (Figure 8). SOD activity was moderately but significantly lower in
EMF-exposed plants on day 14. Crucially, this reduction was not accompanied by significantly
elevated H20: (despite the similar overall pattern between SOD and H:0:z) or MDA, implying that
diminished SOD activity reflected decreased substrate availability - i.e., reduced superoxide radical
(‘Or) generation — rather than compromised antioxidant defence. This interpretation aligns with the
concept that low-intensity EMF may modulate mitochondrial and plasmalemmal electron leakage
without imposing oxidative challenge [5]. Frequency-dependent modulation of antioxidant enzyme
activity has been previosly reported supporting the plausibility of such parameter-specific
adjustments [12,14].

CAT activity displayed weaker dynamics, with a non-significant tendency toward lower values
in EMF plants and a notable elevation in Sham on day 28. The Sham-related deviation, statistically
significant compared to Control, is particularly instructive because it was measured in the younger
third leaf. The absence of a comparable Sham effect in the second leaf on days 14 and 21 suggests that
the physical presence of the antenna may have induced a delayed adaptive response manifesting in
the third leaf. Regardless of the particular mechanism behind such CAT activation, this divergence
reinforces the conclusion that the Sham antenna was not biologically inert and should be interpreted
as a handling control [5].

Collectively, the redox state data indicate that 868 MHz EMF exposure under LoRa-relevant
conditions did not provoke oxidative stress in young maize. Instead, it induced a mild, quantitative
adjustment of the antioxidant enzyme network superimposed on a developmentally driven redox
landscape. The biochemical markers, being the most responsive analytical layer among morphology
or fluorescence, captured the finest treatment-related modulation, yet these changes remained trait-
specific and did not coalesce into a generalized stress syndrome. This pattern — limited parameter-
specific shifts, partial overlap with Sham, and attenuation over time — is consistent with adaptive
physiological tuning within the normal homeostatic range, as corroborated by the multivariate
perspective discussed below.

The multivariate analysis (Figure 9) provides a consolidated view that summarizes the patterns
observed at the univariate level. Across the three analytical layers — morphology, photosynthetic
performance, and biochemistry — a consistent hierarchy emerged: developmental stage was the
dominant source of variation, while treatment effects remained selective, trait-dependent, and
context-sensitive. Such ontogenetic dominance over stress-related modulation is frequently observed
in crop physiological studies employing integrated phenotyping approaches , where the
maturational programme sets the baseline against which environmental perturbations are
superimposed [5,38].

The PCA revealed that the first principal component captured primarily the ontogenetic
trajectory, with plant height and biomass driving the positive pole and metabolite pools (reducing
sugars, antioxidant enzymes, H202) loading in the opposite direction. This axis thus encapsulates the
fundamental physiological trade-off between structural growth and metabolic maintenance that
characterizes early vegetative development in maize [36]. Against this strong developmental
background, treatment-related displacement was expressed mainly along PC2 and, to a lesser extent,
PC3.
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The upward shift of Sham samples along PC2, distinct from the Control cluster below, indicates
that the physical presence of the antenna introduced a measurable multivariate signal even in the
absence of active electromagnetic emission. This observation is methodologically important: it
demonstrates that the exposure device itself — whether through subtle microclimatic effects,
mechanical proximity, or other non-EMF cues — was not biologically neutral. Consequently, the Sham
condition should be interpreted as a handling control rather than as a strict procedural blank, a
distinction that has been emphasized in studies of low-intensity physical factors in plant biology [5].

The EMF group occupied an intermediate position, overlapping partially with Sham yet
exhibiting greater dispersion, particularly at Day 14. This scatter reflects the interplay of two
concurrent processes: inherent biological heterogeneity, evident across all treatments and consistent
with the natural variability documented in replicated plant physiological experiments [39], and
treatment-induced phenotypic plasticity, whereby the physiological profile adjusted to the specific
exposure context [40]. The concept of phenotypic plasticity as an adaptive mechanism allowing plants
to cope with environmental heterogeneity is well established, and its expression under chronic low-
intensity stressors has been reported in several crop species [41,42]. The consolidation of EMF
samples into a tighter cluster by Day 28 suggests that early-stage plasticity gradually attenuated as
development progressed, possibly because the plants either acclimated to the chronic low-level
exposure or because the developmental programme itself increasingly constrained the range of
permissible physiological states.

The multivariate pattern supports the interpretation that EMF exposure acted as a mild
modulator rather than as a deterministic stressor. Had the electromagnetic field imposed severe
physiological disruption, one would expect a coordinated displacement across multiple parameters
— a generalized stress syndrome visible as a distinct, treatment-specific cluster in the PC space.
Instead, the PCA serves as an integrative confirmation that EMF exposure in maize, under the tested
conditions, is one of quantitative physiological adjustment superimposed on developmental
progression, rather than qualitative reorganization indicative of physiological impairment [17].
Similar modulatory effects of low-power EMF on plant antioxidant and metabolic status, without
evidence of adverse physiological effects, have been described in maize and other crops under smart-
agriculture-relevant exposure scenarios [5].

5. Conclusions

The present study examined the biological effects of 868 MHz electromagnetic fields, emitted
from soil-buried antennas under conditions representative of IoT/LoRaWAN precision agriculture
deployments, on young maize plants during the first 28 days of vegetative development. Under the
present experimental conditions, maize plants did not show any adverse response to EMF exposure
at the morphological, photosynthetic, or biochemical level. Variation in the values of the investigated
parameters were driven mainly by plants growth and development, and age-dependent
physiological metabolic changes with only minor EMF-related differences. The biochemical
parameters revealed the most sensitive parameters of the plants.

868 MHz EMF emitted from soil-buried LoRaWAN antennas functions as a mild, transient
physiological modulator rather than a stressor. The field accelerated early growth kinetics without
enhancing final biomass, left photosynthetic machinery functionally intact, and induced only trait-
specific antioxidant adjustments — namely reduced SOD activity in the absence of elevated H20: or
lipid peroxidation — consistent with decreased ROS generation rather than compromised defence.
These findings indicate that IoT/LoRa-relevant EMF levels are unlikely to impose adverse effects on
maize under the tested conditions.

The antenna matherial and/or presence per se was not biologically neutral, introducing
measurable morphological and biochemical signals distinct from Control. Coupled with the leaf-age
discontinuity on day 28, this constrains the inferential weight of measurements at that time point and
highlights the need for full-crop-cycle studies before definitive risk assessments for wireless sensor
deployment in precision agriculture can be established.
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As low intensity RF-EMF exposure acts as low to moderate abiotic stressor, it may induces mild
oxidative stress activating antioxidant systems and repair enzymes, increasing antioxidants and
protective osmolites production (proline). Such activation does not result in severe damages but
boost defenses and prepare plant organism against further stress — hormesis. Such protective effect
may explain the overall better perfomance of EMF plants compared to Sham. An idea for future
investigations is to examine combined effects of low level RF-EMF and other, severe environmental
factor, such as high temperature or drought in order to test possible general protective effect of RF
exposure. Future work would benefit from investigation of RF-EMF effects in real field conditions.
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MDA raw data; Table S7: Hidrogen peroxide raw data; Table S8: TEAC raw data; Table S9: SOD activity raw
data; Table S10: CAT activity raw data; Table S11: Data used for PCA; Table S12: Correlation coefficients of
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The following abbreviations are used in this manuscript:
ANOVA  Analysis of Variance

ATP Adenosine Triphosphate
CAT Catalase

DW Dry Weight

EM Electromagnetic

EMF Electromagnetic Field
FwW Fresh Weight

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0378.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2026 d0i:10.20944/preprints202605.0378.v1

16

IoT Internet of Things

LoRa Long Range telecomunication

MDA Malondialdehyde

NADPH  Nicotinamide Adenine Dinucleotide Phosphate (reduced form)

PCA Principal Component Analysis
Pliotal Performance Index of the total light-dependent photosynthetic reactions
RF Radio Frequency
ROS Reactive Oxygen Species
SEM Standard Error of Mean
SOD Superoxide Dismutase
TEAC Trolox Equivalent Antioxidant Capacity
8] Unit of enzyme activity
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