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Abstract: Jalapefio peppers (Capsicum annuum L.) are an important agricultural product
worldwide. Despite its high demand in recent years, there are few studies on its production under
adverse conditions caused by environmental phenomena. Crops in protected environments such as
aeroponics offer greater control of these phenomena and enable efficient use of resources. However,
it is necessary to validate the cultivation technique for which new technologies are being used. One
of these is the analysis of images captured in the visible and near and far infrared spectrum which
involves using non-invasive techniques in order to characterize the growth of a plant and diagnose
if it presents any type of stress. This study presents the characterization of vegetative growth and
fruiting of jalapefio pepper plants in an aeroponic system, where the root, leaf development
parameters and fruits were measured in four jalapeno pepper crops through images of plants
captured in the visible (VIS), near infrared (NIR) and far infrared (IR) spectrums. Four crops of thirty
jalapeno pepper plants were sown to obtain a total of one hundred and twenty plants which were
characterized in the different phases of growth and fruiting. Each of the four jalapefo pepper crops
were monitored for sixty days in an aeroponic system in a greenhouse. The first crop was intended
to carry out tests to establish the appropriate fertigation times, the next three crops were grown
under favorable conditions. Algorithms were developed in Matlab to obtain, over ten image capture
sessions, the morphometric and thermal parameters of the roots (perimeter, area, length and
average temperature), plants (perimeter, area, height and average temperature), and fruiting. (yield
and number of fruits). The statistical analysis was carried out using the ANOVA and Tukey tests
considering a value of p < 0.05. The results obtained indicate that there is no significant difference
between the characterizations of the four crops. This statement is also supported by the visual
analysis of the growth curves parameters of the four crops. In addition, the temperature inside the
aeroponic system was contrasted with the ambient temperature and it was verified that the
temperature to which the roots are exposed was in the range of 10°C — 20°C. The thermal analysis
determined that a plant that presents water stress and is also exposed to high temperatures has an
average leaf temperature of 3.7 to 5 °C above the optimal condition for the plant, while a plant with
stress at normal temperatures was 1.3 °C higher than the plant without stress.

Keywords: thermal characterization; jalapefio pepper; aeroponic cultivation; growth curve;
multispectral images
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1. Introduction

Agriculture remains an important sector for most countries, representing the main source of
food for the world's population. However, it faces an important challenge: producing more and better
while increasing sustainability with a reasonable use of natural resources [1].

The jalapefio pepper is a variety of chili with high production in Mexico due to the infinite
number of uses that its fruit has and its intermediate pungency [2-8]. The annual area worked is
approximately 30 thousand hectares, distributed in practically all states. However, its production,
like that of other agricultural products, has been complicated due to global warming; Consequently,
it is necessary to look for alternatives to increase production[9] and favor the conservation of water
from the soil, such as soilless systems [10]. Soilless cultivation is recognized worldwide for its ability
to support efficient and intensive plant production, it is a flexible method that allows the grower to
have full control over the growing environment, including the active root zone[11]. Compared to soil-
based cultivation, soilless production can be more profitable, producing higher yields and faster
harvests in smaller areas [12]. In soilless cultivation, the nutrient solution that drains out of the root
zone can be easily collected and recycled, greatly increasing water use efficiency and minimizing
environmental impacts from fertilizer waste [13].

Aeroponics is a soilless cultivation technique [14-25], it is considered a potential method for
cultivation of herbal plants due to the high growth rate and improvement in quantity and quality of
production [26,27]. In aeroponic crops, to achieve maximum efficiency, it is important to analyze the
environments with which the plants interact. Although, interactions between plants and aerial
environments have been frequently studied, studies in the root are few due to the complexity of their
environment [28]. The root requires an optimal temperature range to have an adequate growth and
production rate. In general, the optimal root temperature tends to be lower than the optimal leaf area
temperature. Crop roots have different optimal root temperatures depending on the species [29,30].

In addition to the use of efficient cultivation techniques, in agriculture there is a great need for
the development of technological tools that support resource management and the adequate
detection of pests and diseases. Globally, around 40% of crops are discarded due to various diseases
and pests.

Technologies such as expert systems, artificial intelligence and computer vision have made it
possible to address different problems that traditional agriculture presents, improving resource
management. Image analysis techniques [31] are actively introduced in agriculture to quickly
recognize the reactions and damage to crops due to environmental changes, they are a tool that allows
for accurate estimate of various variables that reflect the growth of crops and physiological
characteristics. This technology has attracted significant attention for crop monitoring and yield
prediction, as it allows, in a non-invasive way, to characterize crop conditions [32,33]. The images
that are mainly used are hyperspectral [34-37], multispectral [38—40] and those obtained from the
spectra: far infrared (IR), Visible (VIS) [41], short wave and near infrared (SWIR/ NIR).

The global water problem, the high consumption of fresh water in irrigating crops and climate
change requires an efficient use of water resources. Irrigation management is crucial to optimize crop
yield and quality, while conserving limited water resources and protecting environmental
sustainability [42]. There are studies that suggest that digital processing of RGB and thermal images
can be fundamental in the non-invasive monitoring of water stress in plants. Timely detection of
water stress in crops can help manage irrigation accurately and minimize yield loss [43].

The objectives of this research are to: 1) design and evaluate the operation of the jalapefio pepper
crop in a greenhouse aeroponic growth chamber, 2) define a vision system for capturing multispectral
images, 3) validate the efficiency of the aeroponic system through development of algorithms for
image analysis that allow determining the growth pattern and the main characteristics of the
phenological stages of jalapefio pepper plants in aeroponics, 4) describe the growth of the root system
in a non-invasive way.
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2. Results and discussion

2.1. Vegetative growth and fruiting of aeroponic jalapefio pepper cultivation

The development of aeroponic crops of jalapefo pepper in a greenhouse has the advantage of
having greater control over the crop and, in turn, healthier fruits. Fertigation of jalapefio pepper
plants with the nutrients that the plant needs at the time it is required by them suggests good growth
for the plant, the root and the fruits. When transplanting the seedlings to the aeroponic system,
supports were placed that guide the plant in its growth (See Figure 1).

Figure 1. Aeroponic system for growing jalapefio pepper in a greenhouse.

During the 60 days that the jalapeno pepper cultivation lasted in the aeroponic system, the
growth of the fruits was monitored and it was calculated that 98% of the fruits developed healthily
without imperfections. The jalapefio pepper fruits reached an average length of up to 11.5 cm, see
Figure 2.

(a) (b)

Figure 2. Jalapeno pepper plant fruits: (a) Fruits on the plant; (b) Fruit size.

Table 1 shows the yield and the number of corresponding fruits for each of the four crops. The
ANOVA and Tukey statistical tests were applied to check whether the null hypothesis of the means
of the four crops were equally met. The results indicated that there was no significant difference
between the means of crops 2, 3, and 4. While crop 1 presented a significant difference in both yield
and the number of fruits.
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Table 1. Distribution of yield and number of fruits per square meter for the four crops.

Crop Yield No. of fruits Length
(Kg.m-2) (m2) (cm)
1 1.24 8.36 6.40
2 3.96 a 19.66 a 8.52a
3 494 a 2323 a 935ab
4 534 a 25.46 a 9.88 b

Within each crop, P, probability level; n.s., not significant or P>0.05; * P < 0.05; **P<0.01; **P < 0.001.

2.2. Leaf and root morphometric characterization

The average morphometric characteristics evaluated from images captured in the VIS for the leaf
system and in the NIR for the root system of the four crops are represented in Figure 3. As can be
observed, the growth curve of crop 1 shows decreases in its characteristics due to the cultivation of

adjustments in fertigation times and in the moments in which nutrient solution for plant growth and

fruiting is applied. In crops 2 to 4 the fertigation characteristics are similar. In the graphs, each circle

refers to the average of the characteristic calculated in each capture session.
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Figure 3. Growth curves obtained from image processing: (a) Height; (b) Leaf area; (c) Leaf perimeter
(side view); (d) Leaf perimeter (top view); (e) Leaf area (top view); (f) Leaf width (top view); (g) Root
perimeter; (h) Root area; (i) Root Length.

2.3. Average temperature obtained during a period of water stress

The thermal analysis was carried out under two conditions: when the plant was in optimal
conditions (without stress) and when the plant suffered water stress in high temperature conditions.
In Figure 4, you can see three samples of thermal images in different conditions, (a) the thermal image
of the leaf system in optimal state where you can see the uniform color of the plant with a tendency
to low temperatures, (b) the thermal image refers to a plant that has suffered from water stress and
in addition the greenhouse was at maximum temperature, the plant presented loss of turgor as a
mechanism of adaptation to high temperatures and the lack of fertigation, it can be seen that the
inclination of the leaves is totally affected, (c) Thermal image of the root system of a plant that suffered
stress, the root temperature was not so altered due to the internal temperature and relative humidity
conditions of the aeroponic system.

Figure 4. Samples of thermal image captures (IR): (a) Leaf system in optimal state; (b) Leaf system
with water stress and (c) Root system with water stress.

The results of the analysis of the thermal images of the plants with water stress are shown in
Tables 2 and 3 where the variables are: ambient temperature (Ta), internal temperature of the
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chamber (Tc), leaf temperature (Th), root temperature (Tr). In Table 3 it is possible to see that if a
plant is being water stressed, but the ambient temperature is optimal for the crop, the temperature of
both the leaf and the root of the plant continue to be highly correlated with the ambient temperature.

Table 2. Thermal behavior of plant with water stress and normal ambient temperature, Ta = 23.3 °C
and Tc=23.6 °C.

Water stress

Plant Conditi
ant Condition TheO) THC0)
Normal 23 21.5
Stress 24.6 23.7

In Table 3, the condition of plants that suffer from water stress and that were also exposed to
high ambient temperatures were evaluated.

Table 3. Thermal behavior of plant with water stress and elevated ambient temperature, Ta =41.1 °C
and Tc=34.3 °C.

Water stress

Plant Conditi
ant Condition TheO) TH0)
Normal 25.5-25.8 23.6
Stress 29.2-30.8 22

When a plant suffers water stress and the ambient temperature of the greenhouse is high
(exceptional case), its temperature is 3.7 to 5 °C above a plant in optimal condition and when it suffers
water stress at optimal growth temperatures the plant is up to 1.3 °C above the temperature of a plant
in optimal condition.

The repeatability and efficiency of the aeroponic cultivation technique for jalapenio peppers has
been verified through the statistical analysis of the morphometric and thermal parameters of the root,
leaf and fruit of 4 crops. According to Ampim et al. [9] who conclude that the need to increase food
production by reducing the impact on the environment, the proposed technique contributes to satisfy
this need since jalapefio pepper crops have been obtained with a considerable amount of average
fruits per plant in the first cutting (Table 1) and with reduced water consumption (21.06 liters per
crop per day). Furthermore, our proposal complements the characterizations reported by Ramirez-
Meras et al. [4] and Santillano-Cazarez et al. [6] enabling broader studies in order to evaluate the
quality and quantity of harvest under various stress conditions in plants or those that present some
type of disease. Finally, V. Singh et al. [31] and J. Gémez-Camperos et al. [32] correspondingly in their
publications conclude that vision systems represent a reliable alternative for the timely detection of
pests and diseases in plants. However, the proposed aeroponic technique also makes it possible to
detect stress, pests and diseases in the root before their effects manifest themselves in the leaves or
stem.

3. Materials and Methods

The validation process of aeroponic cultivation of jalapefio pepper through the analysis of the
thermal and morphometric properties of the plants and fruits is presented in Figure 5. Each of the
validation stages is described below:
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Figure 5. Schematic diagram of this study.

3.1. Aeroponic cultivation of jalapefio peppers

Four jalapefio pepper cultures were cultivated in an aeroponic growth chamber installed within
a 16 m2 greenhouse, located in Celaya, Guanajuato, Mexico. The greenhouse is located in a semi-
dry/semi-warm region with an average temperature of 28.19 °C, 63.98 % average relative humidity
value, average solar radiation of 149.26 W/m? and a photoperiod of 13 hours. The duration of each
crop is 120 days from the day of germination to the day of harvest, of which the first 60 days are for
seedling growth and the following 60 days are for crop development within the aeroponic growth
chamber.

On day 60 after germination, the seedlings are transplanted to the aeroponic growth chamber.
The first three crops were cultivated during 2021. Crop 1 was transplanted on February 10 and
harvested on April 12. The seedlings of the second crop were transplanted to the growth chamber on
April 14 and harvested on June 14. The third crop was transplanted on October 8 and harvested on
December 12. The fourth crop was grown from February 4 to May 6, 2022.

3.2. Aeroponic system

An aeroponic growth chamber was designed and built for the cultivation of 30 jalapefio pepper
plants (Capsicum annuum L.) (see Figure 6), for the design of the chamber the growth characteristics
of the plant were considered (height, width and root length), the structure of the chamber is
rectangular in shape, its dimensions are 3.3 m long by 1.2 m wide by 1.4 m high. The system has an
inspection window to observe the development of the root system in a non-invasive way, an
automatic timing system, a fertigation system through nebulization that includes a nutrient solution
recirculation section and a nutrient solution tank of 120 1 that was separated from the chamber to
facilitate the preparation and measurement of the variables involved (pH and electrical conductivity
(EQ)). Inside the chamber, ideal conditions must be provided for the root to develop adequate
functions.
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Figure 6. Aeroponic growth chamber for growing jalapeno pepper in a greenhouse.

At the top of the chamber structure, three removable lines were installed that serve as support
for the vertical staking of the jalapefio pepper plants.

The aeroponic jalapefio pepper crops were developed in four phenological stages: seedling
development, vegetative growth, flowering and fruiting. The first stage consists of seedling growth,
the seeds are germinated in agricultural foam and covered with inert substrate composed of a mixture
of 50% vermiculite and 50% perlite. The seedlings grow for 59 days with a floating root irrigation
system. Fertigation begins when the first leaves of the plant appear and is cultivated with the
vegetative growth nutrient solution [13] prepared at 25% of its concentration for 20 days and the
following 29 days with 100% concentration, during this stage the aim is for the plant to form its root
and leaf system in order to be transplanted to the aeroponic growth chamber.

The vegetative growth stage begins on day 60 after germination with the transplant of the pepper
seedling to the growth chamber. From this stage onwards, flowering/fruiting nutrient solution with
100% concentration is used.

The flowering and fruiting of the plants begins approximately on day 78 after germination and
ends on the day of harvest. During this period the plants are fed with 100% flowering/fruiting
nutrient solution.

In the nutrition of jalapefo pepper plants, two different formulas of commercial nutrient
solution are used, the first Steiner type is applied for the vegetative growth stage [44] and the second
is for the reproductive stage (flowering/fruiting) [45]. In the vegetative growth stage, the electrical
conductivity of the nutrient solution is EC = 3586 uS / cm and the total dissolved solids in the water
is TDS = 1715 ppm, the values of the reproductive stage are: EC =3412 uS/ cm and TDS = 1706 ppm.

In this article, the results of four crops are reported. The first had the purpose of defining the
appropriate fertigation times for the growth of plants in the aeroponic system. The following three
crops were used to characterize the phenolic stages and contrast the quality and quantity of
production.

According to what was observed in the different tests with fertigation times, it was established
that the favorable frequencies for the cultivation of jalapefio pepper in the aeroponic system should
be divided into two moments: from the day of transplant to the first day of flowering. The times are
24 minutes of shutdown for 18 seconds of fertigation, one day after the first flower appears the
shutdown time changes to 18 minutes of shutdown and 18 seconds of fertigation, this suggests that
in the second stage the crop requires 25% more of nutrient solution.

The climatic conditions inside the greenhouse affect the absorption and distribution of nutrients
in the plant, this was the reason why the environmental variables of temperature, relative humidity
and solar radiation inside the greenhouse were recorded daily throughout the vegetative period of
60 days for each crop. The average solar radiation inside the greenhouse was obtained in a
photoperiod of 13 hours, the maximum and minimum temperatures recorded throughout the day
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and the average relative humidity were reported. Figure 7 shows the behavior of these variables in
the four crops of jalapeno pepper.
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Figure 7. Environmental variables recorded during the growth of the four crops: (a) Crop 1; (b) Crop
2; (c) Crop 3 ; (d) Crop 4.

The average ambient temperature, relative humidity and solar radiation inside the greenhouse
during the growth period were 28.19 +1.78 °C, 63.98 + 5.80 % and 149.26 + 6.33 W/m? (mean + standard
deviation), respectively. The behavior of ambient temperature presented statistically different
temperature averages for the four crops.

The temperature and relative humidity of the greenhouse environment and the internal part of
the aeroponic growth chamber were monitored. The variables were recorded during a 13-hour
photoperiod starting at 7:00 a.m. and ending at 8:00 p.m., see Figure 8.
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Figure 8. Analysis/Thermal behavior of temperature and relative humidity of the environment and
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The dashed-lines refer to the variables measured in the internal part of the aeroponic growth
chamber, the blue lines indicate the temperature variables and the red relative humidity. It is possible
to see that approximately after 15 hours the ambient temperature reaches its maximum value and the
relative humidity of the ambient reaches its minimum value, while in the internal part of the chamber
the maximum temperature is reached approximately afterl1 hours and the relative humidity values
remain above 60%. At the time of day when the environmental conditions are not favorable for the
plant, the internal temperature of the chamber to which the root system is exposed remains 15 °C
lower and the relative humidity is approximately 75%, as a consequence of the fertigation process
which guarantees adequate conditions for the root system [46].

3.3. Image acquisition system

Figure 9 shows the multispectral image acquisition system used in monitoring the jalapefio
pepper plants during the four crops. The system allows obtaining images of the top and side views
of the plant to acquire morphometric and thermal characteristics of both the leaf system and the root
system. Three specialized cameras were attached for the spectra: Visible (VIS), near infrared (NIR)
and far infrared (IR). VIS spectrum images were captured with a GoPro Hero4 camera with a spectral
range of 400-700 nm. The NIR spectrum images were obtained with an Allied Vision G-132 Cool Big-
eye NIR camera with: Sony ICX285 EXview HAD CCD sensor, 1280 x 1024-pixel resolution, extended
sensitivity ranging from 350 nm to 1000 nm. The near-infrared images are captured with the camera
connected to a computer and to improve the lighting conditions, a 7.5 W white light lamp was
indirectly installed. The IR spectrum images were acquired with a FLIR E4 infrared camera with
wavelength range: 7500-13000 nm, operating temperature range of -20 to 250 °C with an accuracy of
* 2% for ambient temperature of 10 to 35 °C, IR resolution of 80 x 60 pixels, field of view of 45 x 34,
minimum focal length of 0.5 m and thermal sensitivity of 0.15 °C.

Additionally, in the design of the prototype supports were installed that serve as a reference
point for the placement of the three cameras. The support located for the captures from the top view
was placed taking as a reference the maximum height that the plant can have, which is 90 cm.
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Figure 9. Image acquisition system.

3.4. Image Capture

A total of 120 jalapefio pepper plants were transplanted, 30 for each of the four crops, having a
growth period of 60 days in a growth chamber. Monitoring of growth parameters for each set of 30
plants was carried out through ten image capture sessions. The first session began a week after
transplanting the seedlings to the aeroponic system. This waiting time allowed the seedlings to adapt
to the system. Each imaging session was performed every five days at 7:00 am, ensuring constant
lighting conditions. Additionally, thermal images of plants suffering from water stress under high
temperature and optimal temperature conditions were acquired.

As part of non-invasive monitoring, samples were taken in situ within the greenhouse. An
average of 345 images total were obtained, the number of images depends on the growth of the plant
and the number of images required to capture the total area of the plant. Approximately 210 images
of the leaf system and 135 images of the root system were acquired corresponding to the thirty
jalapefio pepper plants and the three spectra, see Table 4.

Table 4. Images obtained per capture session.

Spectrum Part of Plant Number of samples
.. Leaf 135
Visible (VIS) Root 45
Leaf 75

Far Inf FIR

ar Infrared (FIR) Root 45
Near Infrared (NIR) Root 45
Total 345

3.5. Image processing

Multispectral images were analyzed using processing algorithms developed with Matlab
R2017b (The MathWorks Inc., Natick, MA, USA). Algorithms were designed for the analysis of visible
and infrared images, see Figure 10.
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Images were captured from the top view and the side view. The purpose of capturing the plant
from the top view is to evaluate the leaf area and perimeter; these parameters indicate the growth of
the plant in relation to the number of leaves and their size. The image captured from the side view is
to obtain the height of the plant. The thermal images were obtained from the lateral view for the root
and the top and lateral view for the leaf. With these samples, the average temperature for the different
parts of the plant was calculated.

1Pre-processing and processing of VIS, IR and NIR in Matlab .

Plant morph i izati . Root morph i izati s Thermal characterization of
- . plant and root

l : z @ ' -
Select the region of interest (ROI) Load the NIR image

M y I

VIS image segmentation

Binarized image

Binarized image Binarized image

Ik, Mk,

calibrationFactar = 21/2200; . calibrationFactar = 21/2200;
: vrationfactor; s distanceingm vrationfactor;
abbrationFactor ~ 2;

areainSquareCm = areat

Compute the region descriptors . Compute the region descriptors
o in ?:m & . E = ?:m ¥ Compute the average
Y 3 temperature by multiply the
I 2 binary image and temperature
’ 4 matrix
Information
analysis
"l 3 . | Y
f : ¥ Temperature

T average

eig

Area E Area

Perimeter Growth parameters Roramiotor
Width Length

Figure 10. Pseudocode diagram for multispectral image processing.

3.5.1. Thermal measurement of leaf, root and fruit using IR Images

The thermal analysis was carried out under two circumstances: when the plant was in optimal
climatic conditions and when the plant suffered water stress and was exposed to high temperatures.
Characteristic temperature parameters acquired with a thermal imaging camera were extracted. The
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camera was configured with an emissivity factor (¢) of 0.96 [46] and the images were taken from a
distance of less than 1 m, capturing the lateral and top view for the leaves, lateral for the root and the
fruit. Two images were captured for each part of the plant, an IR image and a VIS image. The image
in the Visible spectrum was used to remove the background from the IR image.

An algorithm was designed to evaluate the average temperature of the plants using the
following procedure: 1) Load the VIS and IR images, 2) select the region of interest (ROI), 3) binarize
the VIS image, 4) obtain the temperature matrix, 5) evaluate the average temperature by multiplying
the binary image by the temperature matrix and analyze the results. Figure 11 shows some of the
infrared images captured.

(d)

Figure 11. Thermal images (IR): (a) Upper side of leaf; (b) Lower side of leaf; (c) Side of fruit; (d) Top
view of leaf and (e) Side of root.

3.5.2. Measurement of morphometric parameters using images captured in the visible spectrum

The morphometric plant descriptors were calculated from images acquired in the Visible
spectrum (Figure 12), height, area and perimeter were evaluated using a side view image, width and
area are evaluated using a side view image. superior. First, the image was obtained with the region
of interest, this image was processed with the Matlab Color Thresholder APP, subsequently, the RGB
image was analyzed to obtain a mask image which was used to segment the region of interest.
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Figure 12. Sample captures in the VIS spectrum.

3.5.3. Measurement of morphometric parameters using images from the NIR spectrum

The morphometric parameters of the root system were evaluated with the acquired near-
infrared images, the processing steps include: selection of the ROI region of interest, image
enhancement (contrast), binarization by thresholding, calculation of length, perimeter and area in
pixels, spatial calibration to calculate the parameters in cm (Calibration Factor = Object length in cm
/ Object pixels number), and analysis of results.

To measure the morphometric parameters of the root, it was necessary to capture more than one
image per root starting from session 8. The analysis of the morphometric characteristics of each image
was analyzed separately to later add the results. Figure 13 shows the growth of the root system of a
jalapeno pepper plant during the 10 sessions captured.

Figure 13. NIR images of the root system of jalapefio pepper.
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3.6. Data analysis

Using the Shapiro-Wilk test with a = 0.05, the normal distribution of the morphometric and
thermal parameters of the four crops were confirmed. Subsequently, the data were analyzed with the
one-way ANOVA and Tukey test with the Microsoft Office Excel program version 2013 (Microsoft
Corporation, Microsoft Way, Redmond, WA, USA) and the leaf and root morphometric data were
considered significantly different if p < 0.05. In Table 5, it can be seen that in crops 2, 3 and 4 there
was no significant difference for the parameters: height, area, perimeter and width from the side
view, area and perimeter from the top view.

Table 5. Plant growth parameters.

Plant
Side view Top view
Crop : - .
Heigth Area (cm? Perimeter . Area Perimeter
P P Width (cm) P P

(cm) plant) (cm /plant) (cm?) (cm/plant)
1 19.40 13194 170.37 g 20.89 ¥ 265.37 143.83 wx
2 56.11 ns. 28933 n.s. 440.05 n.s. 49.08 n.s. 1099.84 n.s. 505.76 n.s.
3 52.56 ns. 359.77 n.s. 449.48 n.s. 46.81 ns. 860.05 n.s. 459.48 n.s.
4 58.22 n.s 326.9 n.s. 485.25 n.s. 55.09 ns. 81024 n.s. 439.47 n.s.

Within each crop, P, probability level; n.s., not significant or P>0.05; * P < 0.05; **P<0.01; ***P < 0.001.

Table 6. The root growth parameters are shown. The results indicate that for the length and area
of crops 2, 3 and 4 there is no significant difference between their means for p < 0.05.

Table 6. Root growth parameters.

Root
Crop
Length (cm) P Area(cm? P  Perimeter (cm/plant) P
1 6.77 xEE 10.09 *EE 31.04 n.s.
2 17.82 n.s. 36.77 n.s. 31.16 n.s.
3 19.36 n.s. 39.67 n.s. 42.5 n.s.
4 23.96 n.s. 44.08 n.s. 50.6 n.s.

Within each crop, P, probability level; n.s., not significant or P>0.05; * P <0.05; **P<0.01; ***P < 0.001.

4. Conclusions

In this study, the feasibility of developing aeroponic crops of jalapefio peppers has been
evaluated and it has been shown that this cultivation technique presents repeatability by taking care
of the fertigation times and the moments in which the nutrient solution is changed depending on the
phenological stage in which the plant is located. At the same time, it established that in the final stage
of cultivation the plants consume 25% more nutrient solution than at the time of transplanting. The
aeroponic system was thermally characterized, contrasting the ambient temperature against the
internal temperature of the system, it was verified that in the hours of the day when there are higher
temperatures in the greenhouse, the internal temperature of the aeroponic system remains optimal
for the development of the roots.

The growth curve for the morphometric parameters analyzed from image processing for the
plant and its root of the four crops was recorded.

The statistical analysis applied to the morphometric parameters from the digital processing of
multispectral images indicates that it is possible to non-invasively monitor the growth of aeroponic
crops. The Tukey test shows that there is no significant difference between the means of crops 2, 3
and 4, these crops are those that were developed with similar fertigation conditions. Thermal analysis
of plants in optimal condition and plants with water stress were carried out. Additionally, plants
with stress were monitored when a high peak of ambient temperature occurred and at normal
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temperatures. It was concluded that a plant that presents water stress and is also exposed to high
temperatures has an average leaf temperature of 3.7 to 5 °C above a plant in optimal condition, while
a plant with stress at normal temperatures showed temperature 1.3 °C higher than the plant without
stress.

6. Future Works

The objectives of this research focus on establishing the operating characteristics of an aeroponic
system for the cultivation of jalapefio peppers in a greenhouse and performing thermal and
morphometric characterization through non-invasive multispectral image processing.

The results of the research suggest the versatility of an aeroponic system to work with other
types of crops, analyzing the characteristics of each one and raises the possibility of carrying out an
experiment with different treatments and the harvesting of fruits that could be done by cuts.

7. Patents

The patent for the Aeroponic System is pending at the Mexican Institute of Industrial Property
(IMPI) with file number MX/a/2023/007957, successfully passing the formal examination.
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