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Abstract: Monitoring plant growth and development during cultivation to optimize resource use
efficiency is crucial to achieve an increased sustainability of agriculture systems and ensure food
security. In this study, we compared field monitoring approaches from the macro to micro scale
with the aim of developing novel in vivo tools for field phenotyping and advancing the efficiency
of drought stress detection at the field level. To this end, we tested different methodologies in the
monitoring of tomato growth under different water regimes: (i) micro-scale (inserted in the plant
stem) real-time monitoring with an organic electrochemical transistor (OECT)-based sensor, namely a
bioristor, that enables continuous monitoring of the plant; (ii) medium-scale (<1 m from the canopy)
monitoring through red–green–blue (RGB) low-cost imaging; (iii) macro-scale multispectral and
thermal monitoring using an unmanned aerial vehicle (UAV). High correlations between aerial and
proximal remote sensing were found with chlorophyll-related indices, although at specific time
points (NDVI and NDRE with GGA and SPAD). The ion concentration and allocation monitored by
the index R of the bioristor during the drought defense response were highly correlated with the
water use indices (Crop Water Stress Index (CSWI), relative water content (RWC), vapor pressure
deficit (VPD)). A high negative correlation was observed with the CWSI and, in turn, with the
RWC. Although proximal remote sensing measurements correlated well with water stress indices,
vegetation indices provide information about the crop’s status at a specific moment. Meanwhile, the
bioristor continuously monitors the ion movements and the correlated water use during plant growth
and development, making this tool a promising device for field monitoring.

Keywords: phenotyping; tomato; RGB-based index; UAV; bioristor; multispectral; precision agriculture;
sensors; vegetation indices; field monitoring

1. Introduction

Sustainable agriculture practices claim novel techniques to monitor plant growth,
development and health with the aim of increasing crop yields to meet the demands of a
rapidly growing population [1–5]. Several approaches can be applied to improve yields,
reduce environmental threats and optimize input efficiency [6]. Recent approaches based
on nanotechnology may improve in vivo nutrient delivery to ensure the precise distribu-
tion of nutrients as nanoengineered particles may improve crop growth and productivity,
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increasing fertilizer use efficiency [7]. The application of nanofertilizers (NFs) [8,9], nanopar-
ticles [10,11] and organic compounds has shown promising results [12].

In this panorama, plant monitoring becomes central to sustainable agriculture. Tech-
nology and innovation can significantly improve the ability to monitor plant health during
cultivation, thus fine-tuning farm management to improve agriculture sustainability [1,13].

Advances in precision agriculture (PA) technology can (i) significantly increase pro-
ductivity, (ii) ensure high food quality and further decrease costs, and (iii) preserve crucial
environmental resources [14,15]. Water savings, precision irrigation based on plant needs
and the saving of natural resources are the main focus of PA [16] and are mandatory in
view of the ongoing water crisis [17].

Several reviews describe platforms available for field monitoring and plant pheno-
typing on various observation scales [18–26]. Proximal and remote sensing (PRS) tech-
niques are increasingly used for plant phenotyping because of their advantages in multi-
dimensional data acquisition and analysis [27]. At the macro scale (aerial level), the rapid
development of sensors and unmanned aerial vehicles (UAVs), imaging and data analysis
algorithms, and improved computer capacities have enabled a broad range of possibilities
for aerial precision farming to measure, for example, vegetation indices [28–34]. Overall,
images have been demonstrated to be a good proxy for the characterization of quantitative
plant traits [35–38]. At the medium scale, proximal RGB images can also be acquired
through low-cost imaging methods to identify color indices to be used in crop manage-
ment [39–41]. For crops such as wheat and maize, RGB images have shown similar or even
better performance in comparison to a multispectral index like the Normalized Difference
Vegetation Index (NDVI) in applications like predicting grain yield under different grow-
ing conditions, including water status [42–44] and availability of nitrogen [23,45–47] and
phosphorous [41,48]. In the sensor panorama, a central role is played by soil monitoring
sensors, with soil being crucial for plant development and yield and for improving the
optimization of water resources [34,49].

Real-time sensing is now required not only to trace the time point index of plant
health but also to trace plant health and growth dynamics [16,50–54]. To this end, a novel
smart organic electrochemical transistor (OECT)-based sensor named a bioristor has been
developed and applied in plant stems for the continuous, precise and real-time monitoring
of the changes occurring in the plant sap composition, during growth and development
and upon drought stress and environmental changes [13,50,55,56] in controlled conditions.
Its application allowed for the early warning of drought stress [13] and for dynamically
tracing the saline stress response in giant cane [55]. The possibility of monitoring the plant’s
health status and early phases of drought stress directly from the stem can consistently
improve water use efficiency in agriculture and increase crop production sustainability.
High reproducibility and stability in measurements between tomato plant replicates have
been reported [13,57]; moreover, the bioristor’s scalability for use in diverse crop species
has been reported [55,58].

Tomato (Solanum lycopersicum L.) is one of the most cultivated vegetables in the world,
with about 189 million tons cultivated in 2021 according to the Food and Agriculture
Organization of the United Nations (FAOSTAT, 2023; http://www.fao.org/faostat/en/
#data/QC; accessed on 6 July 2023) and with a total addressable market (TAM) valued
at USD 181.74 billion in 2022 [59]. During tomato field growth, several abiotic and biotic
stresses occur and strongly affect final yield and quality [60,61].

In tomato, drought stress significantly affects yield [62]. The tomato plant is sensitive
to lack of water during reproduction, especially during flowering and fruit growth [63].
Novel approaches are needed to reach the goal of more sustainable agriculture that has
lower water requirements and promotes resistance to biotic and abiotic stress [63].

So far, image-based remote and proximal sensing platforms have been individually
applied to monitor the drought stress response of tomato. Examples are UAVs equipped
with multispectral, hyperspectral [64] and thermal [65] sensors. Only recently, an innovative
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in vivo sensor named a bioristor was also used to monitor tomatoes in open fields [57] to
improve irrigation efficiency.

The objectives of the present study were (a) to analyze the strength of a multiscale
approach for PA, (b) to determine the relationships between vegetation indices and drought
stress and (c) to demonstrate the effectiveness of bioristor in monitoring the water needs of
tomato plants in an open field at the micro-scale level.

To this end, the performance of multispectral and thermal sensors mounted on a UAV
will be compared with that of a low-cost RGB sensor and with that of a bioristor.

The results are discussed in terms of the efficiency of the multiscale approach and
the correlation between the acquired indices and the physiological or environmental
traits investigated.

2. Results
2.1. The Macro Scale: UAV Multispectral Remote Imaging
Acquisition of Multispectral and Thermal Vegetation Indices

CWSI values increased at 56 days after transplant (DAT) up to 82 DAT for 40% PAW,
while a decrease in CWSI values was observed at 82 DAT for the 80% and 100% PAW
(Figure 1a). Regarding the multispectral VIs, GNDVI and NDRE values decreased from
56 DAT to 82 DAT (Figure 1b,c), while NDVI value reached a maximum value at 62 DAT
(Figure 1d). The largest differences between the 40% PAW irrigation treatment and the
80% and 100% PAW were observed at 82 DAT for GNDVI, NDRE, NDVI and CWSI
indices (Figure 1).
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Figure 1. Multispectral and thermal indices. CWSI (a), Crop Water Stress Index, GNDVI (b),
Green Normalized Difference Vegetation Index, NDRE (c), Normalized Difference Red Edge In-
dex, NDVI (d), Normalized Difference Vegetation Index. DAT, days after transplant; PAW, plant
available water.

2.2. Medium Scale: RGB Imaging (Proximal)

During the field trial, plots corresponding to 100% and 80% PAW did not show
significant differences in the GA index (Figure 2b). On the contrary, 40% PAW showed a
significant difference in GA for the entire set of measures (for 17 days). During the fruit-set
development (from day 32), 40% PAW showed a 4% GA reduction compared to 100% PAW
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(p ≤ 0.001), reaching the minimum canopy at the ripening stage (day 62, 19% GA reduction
compared with 100% PAW (p ≤ 0.001, Figure 2b).
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Figure 2. RGB-based vegetation indices (VIs). (a) CSI; (b) GA index, %; (c) GGA. Water conditions
analyzed: 100%, 80% and 40% PAW.

GGA showed a rapid decrease in the 100% PAW plots (Figure 2c, Supplementary
Figure S2c) because of the smaller fraction of green pixels captured with canopy images and
the rapid increases in the red pixels in the 100% PAW plots during fruit set and ripening.

The CSI was also calculated based on GA and GGA. It supported the hypothesis of a
faster ripening behavior of the 100% PAW plots and a strong reduction of plant development
and rapid senescence in the 40% PAW plots (Figure 2a).

2.3. Bioristor, the Micro-Scale Approach for In Vivo Plant (Ground) Monitoring

A bioristor was used to detect the changes occurring in the plant physiology under
water shortage at the micro-scale level. During the experiments, tomato growth from
transplant to harvest was monitored in real time and continuously for 60 days, giving a
complex but interesting picture of the changes occurring in the plant during growth and
development under natural cultivation conditions (Figure 3).
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An increase in R was observed during rainy events as proportional to the intensity of
the rain (Figure 4) but also during the irrigation sessions.
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The R trend showed no significant changes in the overall plant health status, indicated
by the changes in the slope of R during time up to 60 DAT (Figure 3). Differential irriga-
tion was applied at 43 DAT, but the occurrence of several rainy events hampered a real
differentiation of the overall water available in the soil as an effect of the different irrigation.
From 65 to 90 DAT, the R trend showed an appreciable and significant difference within the
treatments (p ≤ 0.001), where the R of the 40% PAW plots rapidly dropped from 65 DAT to
the end of the experiment, while 100% and 40% were well separated according to the given
amount of water only from 72 DAT (Figure 3).

2.4. Physiological Plant Health Traits Analyzed and Yield Components

Manual physiological measurements were also performed to validate the sensor-based
phenotyping at 43, 47, 50, 56, 62, 66, 74, 81 and 89 DAT.

The relative water content (RWC) and the SPAD values were evaluated and reported
for all treatments to acquire a direct measurement of the plant status (Figure 5).

A significant difference, mainly between the 100 and 40% treatments, was observed
for RWC and SPAD on day 56 (Figure 5). Interestingly, the RWC data and the bioristor data
are not in agreement in the initial days of phase 3 (Figures 4 and 6).

The physiological data confirm the similarity of the health status occurring at 100%
and 80% PAW and highlight that at 20% PAW is the most affected by drought stress.

SPAD values do not show any significant difference for the entire length of the experi-
ment (Figure 5a).

The total yield was 74.9 t ha−1, 94.3 t ha−1 and 100.2 t ha−1 for the three different
irrigation treatments (Table 1, 40%, 80% and 100% PAW), respectively. Only the 40% PAW
treatment showed a significant reduction in the total production as well as marketable
production due to a significant increase in the yield of rotten fruits, because of the severe
drought stress (Table 1).
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Figure 6. Multiscale monitoring approach used in tomato field cultivation. Macro aerial traits
analyzed: Normalized Difference Vegetation Index, NDVI; Normalized Difference Red Edge Index,
NDRE; Green Normalized Difference Vegetation Index, GNDVI; Crop Water Stress Index, CWSI;
Green Area, GA; Greener Area, GGA; Crop Senescence Index, CSI; Sensor Response Index, R (see
Supplementary Table S2 for details).

Table 1. Yield traits analyzed. (a) Total yield and (b) marketable fruit expressed in t ha−1. Different
letters indicate significant differences between irrigation treatments (HSD Tukey test, p < 0.05).

%PAW Marketable (t ha−1) Unripen (t ha−1) Rotten (t ha−1) Total Yield (t ha−1)

100% 73 a 23.2 a 3.9 b 100.2 a
80% 68.2 a 19.6 a 6.4 b 94.3 a
40% 50.4 b 11.4 b 13.1 a 74.9 b

Mean 63.9 18.1 7.8 89.8
CV (%) 8.86 17.49 32.82 8.25

Significance ** ** ** **

Significance: (**) p = 0.01.
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Based on the data collected, a correlation analysis was performed to verify the rela-
tionship between RGB, multispectral, thermal, bioristor and physiological indices (Figure 5,
Supplementary Figures S2–S4).

RWC was highly correlated with water-related indices like CWSI and R, negatively
and positively, respectively, and correlated, to a lower degree, with CSI (positively) and GA
and GGA (negatively).

The SPAD index showed a high correlation with the RGB index CSI (negatively), GGA,
GNDVI and NDRE and was moderately correlated with NDVI but had an extremely low
correlation with R and CWSI.

NDVI showed a good correlation with GGA, GNDVI and NDRE and a negative high
correlation with CSI. A medium correlation was observed with the SPAD index.

Similarly, NDRE was negatively correlated with GGA, GNDVI and SPAD and was
highly anticorrelated with CSI.

The CWSI showed a high negative correlation with R and RWC.
CSI showed anticorrelation with almost all the analyzed indices, SPAD, NDVI, NDRE,

GNDI and GA.
GGA showed a high correlation with SPAD, GA, NDVI and NDRE.
The main findings reside in the analysis of the R correlation with known indices. It

showed a high peculiar correlation only with CWSI (r = −0.82) and a medium correlation
with RWC (r = 0.51).

3. Materials and Methods
3.1. The Approach

To verify the multiscale approach applied in this research paper, a range of sensors
covering the macro, medium and micro scales were applied, as summarized in Figure 6. A
UAV was applied as a remote platform, RGB low-cost imaging was applied as a proximal
medium-scale sensor and a bioristor was applied for in vivo micro-scale monitoring.

3.2. Field Trial Description and Stress Conditions

A field trial was carried out in 2019 at Podere Stuard, in Parma (60 m a.s.l., 44◦48′29.88′ ′

N 10◦16′29.074′ ′ E). The tomato cv. Heinz was chosen for the field trial. A randomized block
approach was adopted using three plots divided into three rows for each water treatment.
The middle row of one plot for each water regime was monitored with a bioristor by
measuring 5 plants. The irrigation treatments expressed as plant available water (PAW)
irrigation treatments were established based on the irrigation advice defined by Irriframe
(https://www.irriframe.it/Irriframe (accessed on 8 September 2023) as 100%, 80% and
40% PAW.

The full list of field management and main operations including watering, fertilization
and soil tillage is reported in Supplementary Table S1.

3.3. Environmental Conditions: Soil Humidity Sensors and Meteorological Data

Data on rainfall volume (mm) and relative humidity (RH%) at 2 m above the ground
were collected by the agrometeorological station of the ARPAE network (https://simc.
arpae.it/dext3r/, (accessed on 20 October 2023); Supplementary Figure S1).

3.4. Bioristor Preparation and Implementation

The bioristor was prepared according to Janni et al., 2019. In brief, two textile fibers
were treated by soaking them for 5 min in aqueous poly(3,4-ethylenedioxythiophene)
doped with polystyrene sulfonate (Clevios PH1000, Starck GmbH, Munich, Germany),
and dodecyl benzene sulfonic acid (2% v/v) was added. The fibers were then baked at
130 ◦C for 30 min. The whole process, from deposition to heat treatment, was repeated
3 times to complete the preparation. Then, a treatment with concentrated sulfuric acid (95%)
was performed for 20 min to increase the crystallinity of the polymer and, therefore, its
electrical properties, as well as its duration over time. Before functionalization, each thread

https://www.irriframe.it/Irriframe
https://simc.arpae.it/dext3r/
https://simc.arpae.it/dext3r/
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was cleaned by plasma oxygen cleaner treatment (Femto, Diener electronic, Ebhausen,
Germany) to increase its wettability and to facilitate the adhesion of the aqueous conductive
polymer solution.

One bioristor was inserted in the plant stem of 5 plants at the 5-leaf stage by opening
a hole using a needle. Five replicas for each water regime were analyzed. The treated fiber
was completely inserted into the plant stem. The fiber was connected on each end to a
metal wire with silver paste to stabilize the connections, forming the “source” and “drain”
electrodes. The transistor device was completed by inserting a second fiber functionalized
as a gate electrode (Figure 7A,B). A constant voltage (Vds = −0.1 V) was applied across
the main transistor channel, along with a positive voltage at the gate (Vg = 0.5 V) which
led to a decrease in channel conductivity due to the cations pushed from the electrolyte
into the channel; the resulting current (Ids) was monitored continuously (Figure 2b). The
sensor response (R) was acquired and reported in both experiments. It is proportional to
the cations present in the electrolyte and is given by the expression |Ids − Ids0|/Ids0,
where Ids0 represents the current across the channel when Vg = 0 V.
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The bioristor elements were connected to a NI USB−6343 multifunction I/O device
(National Instruments, Austin, TX, USA), which is a multi-channel digital–analog converter,
connected to a PC where current data were processed using home-made software and then
saved in the cloud.

3.5. RGB-Based Imaging

Vegetation indices derived from RGB images were evaluated for each plot at ground
level as reported by Gracia-Romero et al., 2019 [28], with slight modifications.

One picture per plot was taken while a cell phone was held at 80 cm above the plant
canopy. To facilitate the procedure, the camera was attached to a monopod to adjust and
stabilize the distance between the camera and the top of the canopy. Images were saved in
JPEG format at a resolution of 4608 × 3072 pixels. Two plots for each water regime were
investigated using RGB imaging.

To calculate the vegetation indices, the RGB images were processed with MosaicTool
(https://www.gitlab.com/sckefauver/MosaicTool, University of Barcelona, Barcelona,
Spain) integrated as a plugin for FIJI (Fiji is Just ImageJ; https://www.fiji.sc/Fiji/) [41] that
enables the extraction of RGB indices in relation to different color properties of potential
interest [44]. Derived from the hue–intensity–saturation (HIS) color space, average values
from all the pixels of the image were determined for hue, referring to the color tint; satura-
tion, an indication of how much the pure color is diluted with white color; and intensity,
as an achromatic measurement of the reflected light. In addition, the portion of pixels
with hue classified as green was determined with the Green Area (GA) and Greener Area
(GGA) indices.

GA is the percentage of pixels in the image with a hue range from 60◦ to 180◦, including
yellow to bluish-green color values.

https://www.gitlab.com/sckefauver/MosaicTool
https://www.fiji.sc/Fiji/
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GGA is more restrictive, because it reduces the range from 80◦ to 180◦, thus excluding
the yellowish-green tones. Both indices are also used for the formulation of the Crop
Senescence Index (CSI) [66], which provides a scaled ratio between yellow and green pixels
to assess the percentage of senescent vegetation. From the CIELab and the CIELuv color
space models (recommended by the International Commission on Illumination (CIE) for
improved color chromaticity compared to the HIS color space), dimension L* represents
lightness and is very similar to intensity from the HIS color space, whereas a* and u*
represent the red–green spectrum of chromaticity, and b* and v* represent the yellow–blue
color spectrum.

3.6. UAV Multispectral and Thermal Image-Based Indices

Unmanned aerial vehicle (UAV) multispectral and thermal images were collected
using a DJI Matrice 210 RTK Quadcopter (SZ DJI Technology Co., Shenzhen, Guangzhou,
China) for three field campaigns (Supplementary Table S1) performed at 56 days after
transplant (DAT), 62 DAT and 82 DAT on the entire field. The UAV was equipped with
a DJI FLIR Zenmuse XT2 high-resolution radiometric thermal camera and a MicaSense
RedEdge-Mx multispectral camera (MicaSense, Seattle, WA, USA) which acquired five
multispectral images [35]. Flights were performed in clear sky conditions, and the flight
altitude was 30 m above ground level (AGL). The forward and lateral overlaps were set at
80% and 75% of the images, respectively. A light sensor mounted at the top of the UAV and
a reflectance panel provided by MicaSense were used for the radiometric calibration of the
multispectral images. The radiometric calibration and orthomosaic generation (both for
multispectral and thermal images) were performed using the Pix4D mapper (Pix4D, S.A.,
Lausanne, Switzerland). Five vegetation indices (VIs), such as Green Normalized Difference
Vegetation Index (GNDVI, [67]), Normalized Difference Red Edge Index (NDRE, [68])
and Normalized Difference Vegetation Index (NDVI, [69]), were calculated using the
following equations:

GNDVI =
Rnir − Rgreen

Rnir + Rgreen
(1)

NDRE =
Rnir − Rrededge

Rnir + Rrededge
(2)

NDVI =
Rnir − Rred
Rnir + Rred

(3)

where Rgreen, Rred, Rrededge and Rnir are reflectance values of vegetation in the green, red,
red edge and near-infrared bands extracted from the multispectral orthomosaics.

Crop Water Stress Index (CWSI) was calculated, according to the methodology pro-
posed by Idso et al. (1982) [70], using the following equations:

CWSI =
(Tc − Ta)− (Tc − Ta)LL

(Tc − Ta)UL − (Tc − Ta)LL
(4)

(Tc − Ta)LL = a + b×VPD (5)

(Tc − Ta)UL = a + b×VPG (6)

where (Tc − Ta) is the difference between Tc, the canopy temperature extracted from
thermal orthomosaics, and Ta, the air temperature; (Tc − Ta)LL and (Tc − Ta)UL are the
lower and upper limits of the canopy temperature difference calculated using VPD (kPa)
and VPG (kPa), which are the vapor pressure deficit (VPD) and vapor pressure gradient
(VPG) calculated as the difference between the air-saturated water vapor pressure at
temperature Ta and the air-saturated water vapor pressure at temperature Ta + a; a is the
intercept and b is the slope of the linear regression.
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The averages of the VIs and CWSI for each experimental plot were extracted from
pure vegetation pixels which were classified by applying a k-means clustering algorithm
on multispectral and thermal orthomosaics for segmenting vegetation from the soil.

A full list of the variables considered is presented in Supplementary Table S2.

3.7. Physiological Measurements: Water Status and Fluorescence

Five plants for each treatment were analyzed for the leaves’ relative water content
(RWC) as reported by Janni et al., 2019 [13]. Chlorophyll content measurements were
performed by using a SPAD 502 m (Konica Minolta, Ramsey, NJ, USA) on three expanded
leaves; the relative SPAD value was recorded.

3.8. Yield Assessment

Yield components were recorded at the end of the experiment for all plants for each
water regime: total production (t ha−1), commercial yield (t ha−1), unripe product (t ha−1)
and rotten product (t ha−1).

3.9. Data Analysis and Statistics

The R value was analyzed with MATLAB (https://uk.mathworks.com/) and Mi-
crosoft Excel 2016 to smooth day/night oscillations and scaled through a min–max nor-
malization (0.1 range). Bioristor data were statistically analyzed by applying analysis of
variance (ANOVA) in MatLab 2014a (8.3.0.532). Mean, standard deviation and standard
error were calculated.

4. Discussion

Plant stress detection is considered one of the most critical areas for the improvement
of crop yields in the compelling worldwide scenario of ongoing climate change [25,71].
Agricultural equipment has become more efficient, reliable, and precise thanks to automa-
tion and the increased use of robotics and sensors for plant monitoring.

The multiscale approach for plant monitoring presented in this work can significantly
improve the detection of water stress at the field level [72–75]. Remote sensing methods
and image spectral analysis are applied in precision agriculture (PA), can analyze soil state
and vegetation health from a distance and are image-based [76]. Moreover, RGB or color
cameras are the most basic vision-based sensors. Color data may be used to determine pa-
rameters such as texture and geometrical characteristics, which are important in agricultural
applications [76]. Lastly, proximal sensors can measure soil qualities directly or indirectly
and are close to, or even in contact with, the ground. The use of such advanced sensors and
tools can provide farmers with valuable insights into crop growth and yield [77].

However, the complete lack of sensors that enable dynamic and continuous monitoring
of plant water stress was observed [29,47].

In this study, an in vivo biosensor named a bioristor was coupled with remote and
proximal sensing techniques as a tool for precision agriculture, and it was demonstrated
that the methodologies presented were capable of monitoring tomato plants’ response to
water conditions.

Our results showed that the highest correlations observed were between photosyn-
thesis and chlorophyll-related traits (SPAD and related indices with RGB indices (GGA
and CSI)) and between multispectral vegetation indices (NDVI, NDRE) and chlorophyll-
related traits (SPAD), as previously reported [47,78]. The high correlation observed between
chlorophyll-related indices such as GNDVI, NDRE and SPAD is in line with previously
reported data [79,80].

In disagreement with reported data for grapes [81,82], NDVI and GNDVI do not
correlate with transpiration-related traits such as RWC and CWSI [70,83]. Also, the bioristor
R index does not show a correlation with NDVI.

Moreover, the NDRE, NDVI, GGA and CSI trends with the time of measurement
confirm their ability to trace the course of the first slow and then fast maturation of tomato

https://uk.mathworks.com/
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plants and the possible use of these indices as integrative measurements of the overall
amount and quality of photosynthetic material in plants or the combined effects of leaf
chlorophyll content, canopy leaf area or architecture [78].

R, on the contrary, showed a specific and high correlation with water-related indices
that specifically trace the effects of drought stress on plants (RWC, CWSI). No correlation
was observed with CSI and NDVI, confirming its high specificity in monitoring changes in
values of ions flowing in the transpiration stream and thus monitoring the plant water status.

Of particular interest is the high negative correlation observed between R and CWSI
(r = −0.82), a measure of the relative transpiration rate occurring in the plant and described
as more accurate in determining the soil and plant water status [84].

A strong relationship between vegetation indices and VPD was reported [85–87]. The
correlation between VPD and transpiration-related and water-use-related indices like WUE,
CWSI and R is extremely high [56,88–91]. Also, NDVI has been reported to be influenced
by VPD [92,93].

These data support the negative correlation between R and VPD as reported by
Vurro et al., 2019 [56], further demonstrating the bioristor’s ability to detect physiological
changes caused by transpiration.

Under low VPD and high CWSI conditions, a high R was observed, indicating the
efficacy of bioristor in detecting the occurrence of transpiration during plant growth devel-
opment and under water shortage.

Due to the ability of the bioristor to monitor the plant water status continuously and
in real time, this study further supports its use for precision irrigation; the bioristor is as
accurate as CWSI but allows the dynamic and continuous tracing of the plant water status.

In addition, when compared with the total yield, R showed a good correlation
(r = 0.82), confirming the link between water use efficiency and yield.

In this study, we validated the use of multiscale vegetation indices developed from
UAV, low-cost proximal RGB and in vivo monitoring methods to predict tomato water
needs and to determine local irrigation requirements [94]. An evaluation of each scale of
monitoring is reported in Figure 8.
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5. Conclusions

This work provides an overview of three phenotyping approaches for evaluating
drought-related functional traits at various observational scales. First, the bioristor, pre-
sented as a micro-scale methodology, enabled the continuous monitoring of the plant water
status; the bioristor’s ion concentration measurements in the transpiration stream are used
as a direct estimation of plant water use.

Having real-time information about the plant’s status helps to identify when it starts
responding to stress. However, the application of this methodology may be limited under
field conditions, as a high number of sensors would be needed to obtain a precise repre-
sentation. On the other hand, remote sensing methodologies based on the calculation of
vegetation indices at the canopy level, presented at medium and macro scales, have also
been reported as good indicators of drought response. Unlike the micro-scale strategy,
proximal remote sensing streamlines the selection process by reducing the time required to
assess extensive experimental fields. In return, drought response is evaluated indirectly
through estimations of green biomass using RGB and multispectral indices which are
highly correlated to the measures of chlorophyll content, as well as by measuring transpi-
ration rates through canopy temperature assessment which reported better associations
with the water-content-related traits measured by the bioristor. Proximal remote sensing
enhances throughput capacity but may sacrifice precision in estimating the response and
the ability to determine the onset of stress. The main difference between the medium and
macro scales is that UAV technology allows for the assessment of larger populations more
quickly, although the distance between the target and the sensor can affect image resolution
compared to ground-level evaluations. Finally, conventional RGB cameras used at the
medium scale represent a cost-effective alternative to the more expensive methodologies
used at the macro level. Despite these differences, measurements at both levels performed
similarly when assessing tomato plants.

In summary, the combination of technologies described provides a comprehensive under-
standing of plants, their physiological functions, and their interaction with the environment.
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