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Abstract: Geospatial technologies are presented as an alternative for the monitoring and control
of crops, as demonstrated through the analysis of spectral responses (SR) of each species. In this
study, it was intended to determine the effects of the application of nanonutrients (Zn and Mn) in
cabbage (Brassica oleracea var. capitate L.) by analyzing the relationship between the vegetation indices
(VI) NDVI, GNDVI, NGRDI, RVI, GVI, CCI RARSa and the content of chlorophyll (CC), from two
trials established in the field and in the greenhouse, together with the calculation of dry biomass
production in the field through the use of digital models and its further validation. The results
indicated that for greenhouse experiments no significant differences were found between the VIs in
the implemented treatments, rather for their phenological states. Whereas in the field assays it was
evidenced that there were significant differences between the VIs for the treatments, as well as for the
phenological states. The SR issued in the field allowed the evaluation of the behavior of the crop due
to the application of nanonutrients, which did not occur in the greenhouse, in the same way. The SR
also enabled the spectral characterization of the crop in its phenological states in the two trials. All
this information was stored in a digital format, which allowed the creation of a spectral library which
was published on a web server. The validation of the dry biomass allowed, by statistical analysis, the
efficiency of the method used for its estimation to be confirmed.

Keywords: UAV; nanonutrients; vegetation indices; spectral response; biomass

1. Introduction

Nowadays, precision agriculture is an innovative approach developed within the
management of agricultural production systems, as it allows the analysis and monitoring
of crops, as well as production factors such as seeds, fertilizers, water control, among
others [1–5]. The use of remote sensors, geographic information systems, global positioning
systems, and artificial vision systems is having a growing influence and impact on farm
management to improve yields, reduce costs and use resources efficiently, generating
sustainable agriculture [6–12]. Therefore, the use of these tools in Ecuador is fundamental
for the sustainable management of crops, providing solutions to the main challenges of the
agricultural sector. These may include the scaling up or massification of agroecology for
food production such as vegetables, fruits, and medicinal plants, and also the identification
of crops and vegetables in large plots with a higher spatial and temporal resolution, the
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availability of nutrients and water, the disease distribution, the types of pests and weeds,
and the considerable use of agrochemicals and fertilizers [13,14].

On the other hand, Nanotechnology refers to the manipulation of matter at a nanomet-
ric level of 1–100 nm. Theoretically, nanomaterials such as nanoparticles, nanonutrients,
and nanofertilizers are able to be developed based on any chemical substance and plant
extract [15–18]. This type of technology has several applications in agricultural systems
and has shown a great potential in precision agriculture to improve the ability of plants
to absorb nutrients [19], reduce the presence of pests, and increase the productivity of
crops [20–23]. Nanonutrients are encapsulated micronutrients that improve the nutritional
quality of crops due to their design and composition. They offer a slow-release of nutrients
over an extended period, giving crops more time to uptake them, avoiding the repeated ap-
plication of conventional agrochemicals, and reducing adverse effects on crops, plants, and
the environment [24,25]. The Brassicaceae family includes many common vegetable crops
such as cabbage, broccoli, cauliflower, and kale. Cabbage Brassica oleracea var. capitate is
the most cultivated vegetable worldwide [26,27]. By 2007, there were about 3.09 million
hectares of cabbage in production globally, with a total production of 69.18 million
tons [28–30]. Due to its extensive consumption worldwide, it is considered one of the crops
that contributes to agricultural diversification, generation of labor force, and reduction of
imports [31,32]. Due to its high content of iron and chlorophyll, it helps in the treatments
of depression, insomnia, exhaustion, and anxiety [33–35].

Unmanned Aerial Vehicles (UAV) are remotely or autonomously controlled airplanes
or multirotors that can follow a pre-programmed flight line operating outside of the internal
navigation system [36–39]. The use of UAVs and drones to capture high-resolution aerial
images has numerous advantages over manned aircraft and satellites. UAVs provide a
better quality in map creation, can penetrate complex and inaccessible areas, and operate
locally [40,41]. In this sense, drones offer an infinity of possibilities within agriculture. For
instance, they can fly over crops of several hectares quickly, capturing information with
adequate detail and great precision, they allow the conditions of the land to be known, the
state and development of the different crops, and the water regime and environmental
conditions such as temperature [42,43]. In addition, the economical aspect of the use of
UAV compared to other similar tools has been recently evaluated and demonstrated to be
extremely efficient [12,44].

One of the most important functions within agriculture is that this type of equipment
allows the detection and location of pests and diseases in a preliminary way. Thus, farmers
can make decisions to reduce the use of agrochemicals, save time, reduce overall cost
in farm production, and secure high-quality crops. These devices are also able to send
photographs and even videos in real time to the owner or to a center where the state of the
crops is observed [45].

Spectral data can contribute to the understanding of vegetation attributes and char-
acteristics based on the interaction of electromagnetic radiation with the physicochemical
properties of vegetation [46]. The spectral response of vegetation is determined by the
chemical and morphological characteristics of the surface of the organs or leaves. In the
visible part of the spectrum (450–750 nm), the spectral characteristics of vegetation are
controlled by the photosynthetic process (absorption), whereas in the near-infrared region
(800–1700 nm) they are controlled by the internal structure of the leaves where the incident
energy can be reflected between 40% to 50%, depending on the health or type of vegeta-
tion [47,48]. Generally, this information is registered and classified in spectral libraries that
aim to facilitate the identification, monitoring, and follow-up of agricultural coverage [49].

The spectral response can be analyzed by using several vegetation Indexes (IV), such
as the Normalized Difference Vegetation Index (NDVI), green band (GNDVI), Normal-
ized Green–Red Difference Index (NGRDI), Regulatory volume increase (RVI), global
vegetation index (GVI), chlorophyll content index (CCI), or ratio analysis of reflectance
spectra—chlorophyll a (RARSa). These indexes are quantitative measurements based on
reflectance values as a function of wavelengths, which are used to measure the amount of
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biomass, plant vigor, leaf area, and amount of nutrients through mathematical operations
of the spectral values [50–60]. Among these, NDVI is the most well-know and used index
to study the radiometric behavior of vegetation. It is related to the photosynthetic activity
and the leaf structure of the plants, allowing for vigor and greenness detection [61].

Other agronomic variables capable of being used to estimate the proper development
of a crop is the dry biomass. Some studies have used UAV to estimate biomass based
on the correlation of the crop height with field samples. However, other studies estimate
biomass by calculating the volume between digital models of the crop and terrain and the
calculation of a density factor [62–66].

In this context, the objective of this research was to determine the effects of the
application of nanonutrients (Zn and Mn) in cabbage crops (Brassica oleracea var. Capitata
L.) by using geospatial technologies as an alternative method for monitoring and control.
Therefore, the use of high-sensitivity UAV platforms and remote sensors was proposed.

2. Study Area

The project was carried out under two production systems: greenhouse covered and
open-field conditions. A glazed greenhouse was considered for conducting the trial A
of the project. It is located at the Agricultural campus (IASA I) of the Fuerzas Armadas
University—ESPE, close to Sangolquí city (See Figure 1). The trial B of the project was
conducted in an open-field area of 274 m2 inside of the Agro-Hidropónica San Antonio Cia.
Ltda. farm which is located 25 km from trial A.
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3. Materials and Equipment

The equipment used to capture spectral data was the PSR-1100 Field Portable Spectro-
radiometer that works in the range of 320–1100 nm, which has a spectral resolution of 3 nm
and a width of 1.5 nm. The CCM—200 Plus equipment from the Opti-sciences brand was
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used to capture Chlorophyll Content (CC). It uses optical transmittance of 653 and 931 nm
with a measurement area of 9.53 mm diameter circle, having also a detector formed with
silicon photodiodes with an integral absorbance amplifier. In order to estimate biomass
content, a Smartphone (mobile application) and a DJI Mavic Pro drone were used at a
relatively low cost. The weight of the drone is about 1.64 pounds with a speed of up to
61.2 km/h and a maximum height of 5000 meters above sea level. It has an RGB camera
with a 1/2.3” sensor (CMOS) with a lens of approximately 35 mm f/2.2 of 12.71 MP (See
Figure 2). Trimble R8 dual frequency equipment was used to collect control points for
geometry calibration.
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Spectral and CC data were processed and analyzed through the use of software namely
Excel 2013 spreadsheet, IBM SPSS Statistics 25, and Infostat. Photogrammetric image
processing was conducted with the Pix4D Mapper software that allows the generation of
3D and orthomosaic models. The treatment and debugging of the point cloud (lidar data)
was performed in the ERDAS Imagine software and the subsequent calculation of surface
volumes was generated with the Global Mapper software.

4. Methodology

The methodology applied in the current study comprises three main steps. The
first is associated with the experimental design and sample selection, and also with the
application of nanonutrients and chelates in cabbage plants under both greenhouse and
open-field conditions. The second corresponds to the collection of spectral information of
the plants such as chlorophyll content, followed by data processing that includes indices
calculation biomass estimates. The final stage focuses on the generation of the spectral
library (See Figure 3).

4.1. Initial Assessment

Chelates and nanonutrients were applied through the use of an aqueous solution
in the following concentrations: Treatment 2 (T2) low concentration chelates (1.25 g/L);
Treatment 3 (T3) high concentration chelates (1.88 g/L); Treatment 4 (T4) low concentration
nanonutrients (270 ppm); Treatment 5 (T5) nanonutrients in high concentration (540 ppm).
The product was applied 72 h before each sampling by means of foliar spraying. Treatment
1 (T1) corresponds to the control unit. The treatments were repeated three times (15 units
in total) and distributed randomly for each experimental unit (See Figure 4).
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Figure 3. Research methodological scheme of the current study.

The sample design for the trials is based on the most Brassicas phenology. These
phenological stages have characteristics of the crop. For sampling, periods of 15 days were
considered from the establishment of the crop, with a total of four samplings per trial
(Table 1).

Table 1. Sampling planning according to the phenological stage.

Sampling Phenological State
Trial A Trial B

Days after Sowing (das)

First sampling Establishment 31 32
Second sampling Vegetative development 38 36
Third sampling Head preforming 52 50

Fourth sampling Head formation 66 65

The size of the sample within an experimental design is a fundamental pillar if it
is expected to find any difference between treatments [67]. In this study, we selected
ten observations (plants) in each experimental unit (thirty observations per treatment) in
the open-field trial, whereas in the greenhouse trial, we selected three observations per
experimental unit (nine observations per treatment). The number of data collected for each
observation was three, both for field and greenhouse.
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4.2. Generation of Information

The portable field spectroradiometer PSR-1100 was used to collect spectral information
related with reflectance in both field and greenhouse systems. Some parameters were set up
in the equipment configuration. Subsequently, the equipment was calibrated using black
and white calibration plates obtaining reflectance measures of 0% and 100%, respectively.
Previous knowledge about spectral responses of analyzed targets is required before spectral
data acquisition to obtain data with the least amount of error, representing the reality of the
analyzed object. The data collection procedure is illustrated in Figure 5.

For collecting chlorophyll content (CC) values, in the two trials, the Opti-sciences
CCM-200 Plus equipment was used. Like the previous procedure, the equipment also
requires prior calibration before data collection, this process is automatically requested
by the equipment. In open-field conditions, a clean-safe place was designed to keep the
spectroradiometer and chlorophyll meter away from residues.

4.3. Data Processing

Once the process of obtaining and capturing spectral and CC data was completed, the
information collected was processed. For the spectral information, the data was located
inside the collector and was downloaded as individual files in .sed format. Output files
contain detailed information about the sampling such as date, time, label of each observa-
tion, GPS coordinates, and wavelengths (nm) with their respective radiance and reflectance
(%) values. We obtained the average of the three collections for each observation.
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For the calculation of indices, the green (560 nm.), red (630 nm.) and near infrared
(850 nm.) (NIR) bands were considered. The minimum and maximum wavelengths are
those that were used for the calculation of the VIs based on [68]. Once the values to be used
had been determined, the VIs, such as the NDVI, GNDVI, NGRDI, RVI, GVI, CCI, RARSa,
generated the corresponding reflectance values [69–74].

For the biomass (only Trial B), in the case of commercial cultivation, two flights were
conducted with an UAV. The data collected was used as input for the generation of surface
models, point cloud, and orthomosaic information. This data was used to estimate biomass
volume. The volume is calculated through the difference between the digital terrain model
(DTM) and the digital crop model (DCM) (See Figure 6), without the need to carry out
an individual characterization of each of the observations raised for the trial. After this,
a density factor was calculated. We used a destructive method for its estimation since
it considers physical aspects such as diameter, height, and dry weight [65]. A similar
procedure was conducted in the validation area and after this, a “t” test was performed for
its statistical validation.

4.4. Spectral Library

The spectral library is still within the implementation phase of this research, having
only treatment 1 (T1, control) in its different phenological stages. The spectral responses
of this treatment, collected in the greenhouse and in the field, previously treated, was
stored in .csv files, which contain the record of the spectral signatures by repetition and
sampling. This information is available for later studies in a database in Language R. This
is publicly accessible through a web page, where users will have the script and the base
information (metadata).
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5. Results
5.1. Characterization of Treatments and Phenological Stages by Vegetation Index (Spectral Data)
5.1.1. Results of Trial A

There were no significant differences among treatments, with a 5% level of significance
which is why the null hypothesis is accepted. The spectral response is not efficient to find
significant differences between treatments during the phenological development of cabbage.
However, we found that spectral responses were efficient to find significant differences
between phenological stages during the development of the cabbage crop (Table 2).
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Table 2. Statistical values for phenological states of trial A (left columns), for treatments (central
columns) and phenological states of trial B (right columns).

Index F p-Value F p-Value F p-Value

NDVI 22.59 <0.0001 * 5.813 0.0001 * 156.517 <0.0001 *
GNDVI 15.04 <0.0001 * 5.948 0.0001 * 176.667 <0.0001 *
NGRDI 75.33 <0.0001 * 3.598 0.00066 * 29.151 <0.0001 *

RVI 22.01 <0.0001 * 5.737 0.0002 * 152.650 <0.0001 *
GVI 16.60 <0.0001 * 5.642 0.0002 * 174.657 <0.0001 *

CCI RARSa 40.55 <0.0001 * 6.751 <0.0001 * 141.735 <0.0001 *
* Statistical significance p-value < 0.05.

5.1.2. Results of Trial B

After the analysis performed on the treatments, with a significance level of 5%, it was
shown statistically if there were significant differences between treatments, rejecting the
null hypothesis. This means that the spectral response is efficient in finding significant
differences between treatments during the phenological development of cabbage and
whose results are listed in Table 3. Subsequently, the analysis for phenological states was
conducted, in the same way with a significance level of 5%. Results show that there were
significant differences between phenological states, rejecting the null hypothesis. It means
that the spectral response is efficient in finding significant differences between phenological
stages during the development of cabbage (Table 3).

Table 3. Value of CC statistics for phenological states.

Index F p-Value

CC (phenological states, trial A) 22.51 0.0001 *

CC (treatments) 5.64 0.0002 *

CC (phenological states, trial B) 3.28 0.0275 *
* Statistical significance p-value < 0.05.

5.2. Content of Chlorophyll (CC)
5.2.1. Results of Trial A

After performing the statistical analysis with a 5% level of significance, it was possible
to find that there were no significant differences by treatment, accepting the null hypothesis.
This means, that the chlorophyll content is not efficient in finding significant differences
between treatments during the phenological development of cabbage. Despite this, results
show differences by phenological states (Table 3), accepting the alternative hypothesis.
Chlorophyll content is efficient in finding significant differences between phenological
stages during the development of the cabbage crop.

5.2.2. Results of Trial B

Parallel to the previous analysis, CC analysis shows the existence of differences be-
tween treatments at a significance level of 5% (Table 3), accepting the alternative hypothesis,
where the content of chlorophyll is efficient in finding significant differences among pheno-
logical states during the development of the cabbage crop.

Similarly, the CC analysis for phenological states demonstrated that there were signifi-
cant differences between states and that is how the alternative hypothesis was accepted.
Thus, chlorophyll content is efficient in finding significant differences between phenological
states during the development of the cabbage crop.

5.3. Validation of Biomass

For data validation in trial B, a comparative analysis was performed between this trial
and the validation zone. In this study, we decided to take the data from the control (T1)
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to make the comparison. The following table lists the results of the t-test for the biomass
means with a significance level of 5% and solves the null hypothesis for validation of
biomass data (Table 4). The population mean of the biomass volume of the crop in trial
B is equal to the population mean of the biomass volume in the validation zone. The
distribution of the validation samples is indicated in Figure 7.

Table 4. Comparison of means t-test for biomass validation.

Variable Biomass

Zone Trial B Validation Zone
Mean 0.790022 0.78184

Observations 3 4
Variance 0.28301 0.004

Difference of means 0.01
t 0.03

Degrees of freedom 2
p-value 0.9813
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5.4. Spectral Library

The spectral library was located on a public and open access web server (RPubs). All
the spectral responses (signatures) collected during the project development were upload
to the server. This will allow users to discriminate the different phenological stages and
cultivation conditions. In addition, the basic functions of the exploratory analysis of the data
and the spectral responses of the culture are provided in each repetition and phenological
state obtained in the R and RStudio software using the RMarkdown language. In Figure 8,
a sample of the spectral signatures is shown for commercial and controlled crops.
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6. Analysis and Discussion
6.1. Spectral Data
6.1.1. Analysis of Trial A

During the development of the crop, the values of the NDVI and RVI indices show sim-
ilar behavior, where it is evidenced that the phenological states of vegetative development
and head formation share the same range of significance, being statistically equal, while the
states of establishment and preformation have a defined behavior (vegetative development
and head formation), respectively. The NDVI is influenced by climatic conditions with a
weak capacity to minimize the influence of soil and atmosphere [75]. Despite this, it is an
adequate indicator to characterize the spatial distribution and the evolution of the state of
the crops over time.

When we analyzed statistically the GNDVI and GVI indices by phenological states,
it was evidenced that both indices have the same behavior. We also observed that there
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were significant differences in the states of establishment, vegetative development, and
head formation, while the phenological state of head preformation did not have a defined
significance range since it is able to behave statistically in either form. On examining the
values, a significant increase from the first to the second phenological stage was evidenced.
However, there was a decrease in this value within the rest of the states.

After conducting Fisher’s LSD test, we observed that the NGRDI increases consider-
ably as the crop develops and therefore allows indication that it is possible to differentiate
the development of this crop in its different phenological stages with this index. This is
consistent with previous research where the indices based on the visible spectrum bands
such as GLI and NGRDI have a high correlation with CC, amount of biomass and therefore
leaf area, compared to the indices that use the infrared band, as is the case of RVI and
NDVI [58].

The CCI RARSa demonstrates that the phenological state of establishment presents
the highest value, then the value of the index decreases in the phenological stage vegetative
development and has a slight improvement in the preformation state of the head. However,
there is no evidence of an increase in CC in the state of head formation. That is, the culture
cannot be distinguished spectrally by this index between the three mentioned states. This
agrees and coincides with other studies, where it has been highlighted that the CCI RARSa
had an inverse relationship to the phenological development of the Phaseolus vulgaris L.
crop, where a higher CC was obtained during the initial cultivation stages, and a lower
CC in the flowering and sheathing stages [76]. Because the chlorophyll molecule absorbs
radiation at 680 nm, young or senescent leaves have a lower CC and consequently the
radiation is reflected, while, in the flowering and sheathing stages where the leaves have
higher CC, the radiation is absorbed.

6.1.2. Analysis of Trial B

The results of the spectral response for treatments have a variability in the behavior of
the VIs. For NDVI and RVI there is a significant difference between treatment 5, 2, and 3,
while for treatment 4 it was demonstrated that there is no significant difference between
it and treatment 5 and 2, In the same way, in treatment 1 it was observed that there is no
difference between it and treatment 2 and 3. Within the analysis for these two indices,
the existence of improved results of the chelates at high concentration (T3) at the spectral
level is found, compared to control. On the other hand, treatments 2, 4, and 5 indicated
low levels compared to control. This coincides with other studies that demonstrated high
correlations between the relationship of NIR and RED (NDVI) with the foliar biomass of
crops [77]. The relationship between NDVI and other aspects such as vigor, chlorophyll,
and greenery of the plant are also given [78]. Therefore, the treatment exposed to chelates at
high concentration (T3) indicates an improvement for cabbage, but a notable deterioration
before the application of nanonutrients at high and low concentration (T4 and T5) due to
some chemical toxicity within the solution or stress caused by the surface, size, or shape of
particles [79].

In a slightly similar way, the GNDVI and GVI in comparison between treatment 5 is
significantly different from treatments 1 and 3. These last two treatments together with
treatment 2 have the same variety of significance range, so statistically they are similar.
Hereby, the green band and the chlorophyll-a content are proportional, while the crop has
a loss of pigmentation by providing nutrients in the form of nanoparticles, be it of any
concentration. However, the effect of the application of chelates at low or high concentration
is also maintained or in this case is inhibited [80].

In NGRDI, a completely different behavior is demonstrated compared with the previ-
ous evaluated indices. For the set of treatments 5, 2 and 4, there are no differences, while
within the analysis of treatment 1 there is evidence of a similarity of their means for both the
mentioned set and the treatment 3. Treatment 3 is significantly different from its peers and
its values stand out among them, thus confirming a slight improvement in the culture, even
though they share a statistically significant range with the control. The NGRDI evaluates
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the leaf area as well as the greenness of the plant as mentioned. Therefore, it is possible to
deduce that the treatments reduced the growth of the crop in a small proportion [81].

The CCI RARSa index is similar to the NDVI index, but with a small variation within
the order of treatments. In this way, the data indicate that, for this index, there is a significant
difference between treatment 3, 2, and 5, while for treatment 1 it was demonstrated that
there is no significant difference between it and treatment 3 and 2, and equally thus, in
treatment 4 it was observed that there is no difference between it and treatment 2 and 5.
Within what has been described, for CCI RARSa, the treatments behaved inversely to the IV
previously studied, thus, treatment 5 indicates increase in chlorophyll A pigment. In other
words, high concentration of nanonutrients had a positive effect on the crop, as well as low
concentration, but high or low concentration chelates failed to improve pigment content.
The sensitivity of the CCI RARSa depends clearly on the reflectance and radiation emitted
by the culture at the wavelengths of 680 and 800 nm, Also, as previously mentioned in the
analysis of trial A for phenological states, it is precisely at 680 nm where the chlorophyll-a
absorbs a greater amount of radiation. Hereby, the maximum red absorption reflectance
sensitivity of chlorophyll-a is at 670 nm [80].

The analysis of phenological states for the spectral response, have a similar behavior
for the Vis NDVI, GNDVI, RVI, and GVI. It is known that these four indices work as a
function of reflectance in the infrared band, so the behavior of their averages is similar
among them. By performing the analysis, it was demonstrated that the establishment stage
has the highest values of each of these indices and the formation of the head the lowest.
Although the values for one of the indices reflect a plant decay, they are important for
the analysis of the crop. Furthermore, there exists the importance and effectiveness of the
evaluation of the yield and growth of the cabbage using indices such as NDVI, GNDVI, NR
(RVI), and NG (GVI) and its correlation with physical variables such as weight, diameter,
height, and area [82].

The NDVI is used to detect the scope of the variability of the crop quality [83]. Ad-
ditionally, the use of the NDVI formula to implement nanosensors for the detection of
diseased plants and healthy ones, clearly evidences the importance that the use of radiomet-
ric or spectral data still has precision for agriculture [84]. In NDVI, the value of this index is
related to the vigor, chlorophyll, and greenness of the plant. In this way and based on the
average values, these characteristics of the plant tend to decrease as the crop goes through
its phenological stages [78]. For the GNDVI, we have a statistically similar behavior for the
states. However, if this index is a variant of the NDVI, its value is related to the amount of
biomass of the crop and not that much oriented to the amount of chlorophyll—all this, due
to the values of the wavelength used for its calculation. In the cases of RVI and GVI, these
behave similarly to NDVI and GNDVI.

For the NGRDI, the states show an atypical behavior of their results, having as minor
data the establishment, which is justifiable because it is the first phenological state of the
crop and here only the first true leaves are shown [85,86]. Later, it was demonstrated
that the vegetative development has a similarity with respect to the preformation, but
a supremacy with the head formation. As evidenced in the formula for NGRDI, it uses
only the bands of the visible spectrum, because it is a simple and inexpensive alternative.
This is the reason why it raises the relationship between this index and the leaf area index
(LAI) [87].

The values of the CCI RARSa index have a progressive behavior as the phenological
stages pass. This means that the plant has a gradual improvement with respect to this VI,
except for the vegetative development, which has a small supremacy with respect to the
preformation of the head. The RARSa evaluates the concentrations of the photosynthetic
pigments of the plants, especially for chlorophyll-a from reflectance [88]. A dynamic has
been indicated between RARSa and the sowing days for beans and peach blossom by
application of nitrogen, where a decreasing behavior in its values within the period
of 20–60 days, and an ascending behavior after 60 days were demonstrated [67]. This
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conforms to how the cabbage crop behaves, as its RARSa values rise in the head formation,
which begins at approximately 67 days.

6.2. CC
6.2.1. Results of Trial A

When observing the behavior of CC by phenological states, it indicated that in the
range of the states of establishment and vegetative development, when analyzing the values
of the means there is a slight improvement between the first and second state. However,
the crop improves significantly in the rest of its development. CC in plants is closely related
to photosynthesis, yield, and crop development [89].

6.2.2. Analysis of Trial B

The analyses for treatments yielded variability in the CC, thus evidencing a greater
difference between the sets of treatments 3 and 5 as well as for 1, 2 and 4 where their
ranges of significance vary. However, within this last set, treatments 1 and 2 are statistically
similar. The behavior for CC indicates that treatment 4 obtained better results, but shares
a range of significance with treatment 2 and 1. Therefore, statistically there is no effect
from the application of nutrients (nanonutrients or chelates) at low concentrations, but
there is a change with respect to the treatments with high concentration (T3 and T5). From
this analysis and based on the study of [90] using sorghum (Pennisetum americanum) crops,
the efficacy of zinc nanoparticles in increasing chlorophyll by 24.4% is given, therefore
the improvement of the cabbage crop at the CC level is evidenced. When countering this
analysis, it is also fundamental to consider the toxicity, and that it might be the cause of
affecting or reducing CC due to nanonutrients and chelates at high concentration [79].

On the other hand, for phenological states, the CC demonstrated differences between
its phenological states. This occurred mainly between the establishment and the head
preformation, being within these states, where the CC indicates a progressive behavior with
a decay in the formation stage of the head. This may be a symbol of some type of direct
involvement of the blade. For these first three states, a similar outcome has been reported,
where a comparison was made for soybeans between the measurements performed by
a radiometer and the values calculated using an RARS algorithm. Hereby, a large linear
relationship was found between both forms of CC measurement [88].

6.3. Biomass

The biomass validation demonstrates that the method used to estimate biomass is
highly effective in its calculation, as both crops had the same characteristics, in their
agricultural treatment as well as in their phenological age. In a study performed on barley
crops, it was mentioned that this methodology has great potential in future applications
for different types of crops, mainly for the control of the vitality of crops and also in the
same way to evaluate their yields [62]. Another study used LIDAR information in order to
estimate the volumes of Korean pine (Pinus koraiensis Sieb. Et Zucc) stems and their biomass,
applying it to different tree densities [91].

7. Conclusions

A sufficient amount of radiometric information was obtained in the form of spectral
signatures that allowed the spectral characterization of the cabbage (Brassica oleracea var.
capitata L.) in its first four phenological stages, both for the crops grown in greenhouse (trial
A) and those developed in the field for a commercial crop (trial B).

Vis and CC were used as analysis parameters to determine significant differences
between each of the proposed treatments and the phenological states of cabbage.

For trial A, some of the VI used were efficient to characterize spectrally the cabbage
crop during its phenological development in the controlled greenhouse trial (Trial A).
However, they were not efficient to identify statistically significant differences by chelate or
nanonutrient treatments with respect to the control or control. The GNDVI, GVI, NDVI,
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and RVI index generated from spectral signatures presented an anomalous behavior during
the growth of the crop. Therefore, we may conclude that they do not allow characterization
of the cabbage crop in all its phenological stages. Despite this, the NGRDI index has a
higher sensitivity to characterize spectrally the culture during its development.

The CCI RARSa index measured in this trial presented an inverse relationship to the
development of the crop, this was due to the amount of absorbance and reflectance of light
at the wavelength of 680 nm, while the value acquired with the chlorophyll meter in trial
A indicated that there were no differences between treatments. However, it was possible
to distinguish the majority of phenological states because such value increases as the crop
develops, have the maximum value at the head formation stage.

In trial B, the analysis for treatments based on spectral information (vegetation indices)
indicated that there is little efficiency in the application of nanonutrients at both low and
high concentration. They even demonstrated a small deterioration of the crop, while on
the other hand, the application of chelates indicated similar behavior with respect to the
control. Therefore, there was an inhibition of nutrients in the plant. For CCI RARSa and
CC, an improvement of the culture was obtained with the treatment of nanonutrients at
low concentration, but a low effect on the application of chelates.

For phenological states, the analysis performed on the spectral information demon-
strated that significant differences were found for each state. The NDVI, GNDVI, RVI, and
GVI indices yielded a decline as the phenological development of the crop elapsed, which
shows a high effectiveness in the detection of possible anomalies, diseases, or phenomena
that affect or are directly related to the plant—this, with the support and implementa-
tion of remote sensing tools in agricultural crops. The NGRDI index, which works with
waves within the visible spectrum, shows a discontinued behavior in the analysis of trial
B. Therefore, it could be concluded that it is not a highly effective index in field crop
analysis. The calculated CCI RARSa index and the CC value measured in the field indi-
cate a gradual improvement of the crop at the chlorophyll level, while its phenological
development advances.

The use of digital surface models to estimate the volume of biomass is evidenced to be
a highly effective method in calculating this parameter, and practical when implementing it.
The biomass validation conducted in the current study demonstrated that it is possible to
use these types of methodologies and tools in order to calculate crop volumes in plantations
with a relatively low canopy in height.

The creation of the catalog or spectral library of public access in the web environment
was conducted with the R and RStudio software using the RMarkdown language, based
on the spectral response of both tests, with their respective metadata. This was gener-
ated in order to identify and quantify the spectral behavior of this crop in its different
phenological stages.
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