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Abstract: Lupin is an Andean legume that has gained importance in Ecuador due to the
protein content in its grain. Nonetheless, in recent times the production of lupin has been
affected by inadequate nutritional management. In order to avoid such circumstances, the
current study spectrally analyzed lupin cultivation under the application of nanofertilizers
and Fe and Zn chelates, within two controlled trials, using a radiometer spectrum, an
active crop sensor and a multispectral sensor mounted on a UAV. Vegetation indices were
generated and subsequently statistically analyzed using ANOVA and Tukey tests. In the
field trial, the treatments lacked an indication of significant improvements, while in the
greenhouse trial, the nanofertilizer treatments indicated better results compared to the
control treatments. However, it was also determined that the application of nanofertilizers
at a concentration of 540 ppm demonstrated significant efficiency in greenhouse conditions,
which could not be achieved in the field. Furthermore, the chelate treatment presented a
certain degree of toxicity for the plant.

Keywords: lupin; nanofertilizer; UAV; vegetation index; crop monitoring; spectral
analysis; spectroscopy

1. Introduction
Precision agriculture is understood as a set of techniques aimed at optimizing agri-

cultural inputs according to the spatial and temporal variability of production, which is
achieved with an adequate allocation of inputs depending on the needs and potential
of each management area [1–4]. Therefore, in order to study, evaluate and understand
spatial and temporal variations, it is indispensable to use technologies such as the global
positioning system (GPS), satellites, remote sensors and images of the area, linked to ge-
ographic information systems (GISs) [5–10]. In this sense, precision agriculture provides
georeferenced information through maps of soil fertility or yield. Using remote sensors, it
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is then able to generate immediate information and optimally distribute agricultural inputs,
satisfying food needs [11–14].

Nanotechnology focuses on the development, characterization and use of materi-
als with very small dimensions, i.e., <100 nm [15–22]. In this group of materials are
nanoparticles, which have great potential in agriculture as they are able to be used as
nanofertilizers [23–31]. Nanofertilizers focus on the synthesis of macro and micro nutritive
elements for crops, but mainly on micronutrients (Zn, Cu, Mn and Fe) [32–37]. Plants need
mineral nutrients to complete their life cycle, since they are involved in metabolic functions
and are part of their organic structures. These nutrients are classified according to their
concentration; macronutrients are required in large quantities (N, P, K), and micronutrients
are required in small amounts (Ca, Mg, S, Fe, Mn, B, Zn, Co, Mo), though they have the
same importance as macronutrients [38–41]. Iron plays an essential role as a component
of enzymes involved in the transfer of electrons in the process of photosynthesis [42,43].
The lack of this micronutrient can be observed in young leaves in the form of interveinal
chlorosis, which reduces the synthesis of protein–chlorophyll complexes in chloroplasts,
while the lack of zinc causes a reduction in the growth of internodes [44,45]. Subsequently,
leaves may be small, deformed and present chlorosis (the latter between the nerves of older
leaves) [46–50].

Lupin or chocho (Lupinus mutabilis Sweet) is an Andean legume with a high protein content
(approximately 46% in dry grain) compared to other legumes and Andean cereals [51–56]. This
legume provides phosphorus, iron and zinc, which are the main minerals in the human body;
therefore, it is considered to be a product that contributes to the food sovereignty of many
countries [57–61]. The lupin is part of a variety of agricultural products that have a fundamental
nutritional content, as it has a high percentage of protein and other nutrients that are essential
for human health and for food sovereignty in Ecuador [62–64]. In Ecuador, lupin cultivation
is located in the highland region, where it is capable of adapting to different types of soil,
especially in dry and sandy agro-ecological zones between 2600 and 3400 m above sea level
(m a.s.l.) [65–67]. It develops in environments where rainfall fluctuates between 300 and 600 mm
per year and with temperatures between 7 and 14 ◦C [68,69].

Anthracnose is a disease that affects stems, leaves, pods and seeds in all stages of
lupin plant development. Therefore, this problem alters the spectral response of lupin
and therefore its value in the NDVI vegetation index, which in turn allows researchers to
evaluate the health of the given vegetation [70–74].

Remote sensing is a useful technology for precision agriculture—satellite platforms
are very significant in the monitoring of agricultural production [75–78]. However, within
agricultural-scale applications, they have not been adopted as expected, due to a variety of
challenges such as pixel resolution, infrequent coverage, presence of clouds and frequently
slow delivery of information to the corresponding users [79]. Nonetheless, unmanned
aerial vehicles (UAVs) or drones provide a remote sensing platform with the ideal charac-
teristics for data acquisition, such as high spatial resolution, on-demand coverage and fast
information delivery [80–86].

Remote sensing, being a discipline that obtains information from an element by detect-
ing and analyzing its radiated energy, lays its foundations in the study of spectroscopy [87].
This refers to the observation and study of the electromagnetic spectrum and is based on
the interaction of radiant energy with matter, meaning that it measures the intensity of
radiation as a function of the wavelength of an object [88]. That implies the determina-
tion of energy of many parts of the electromagnetic spectrum against matter, including
vegetation. This allows researchers to monitor vegetation in a spatial and temporal way,
allowing predictions of crop production, agricultural land use examination, as well as the
early detection and control of crop diseases [89–94].
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There have been several remote sensing studies focused on analyzing the spectral
responses of various phenological stages of crops, such as those by [95] on grasslands
and [96] on Mediterranean plants. There has also been a notable variety of research in
the cultivation of lupin, where the spectral behavior of the crop was analyzed after seed
disinfection and greenhouse and field implementation [97–99].

Based on the aforementioned context, the present study aims to determine the spectral
variability in the phenological states of lupin crops in two controlled trials (greenhouse
and field). The spectral analysis will focus on the effects of the addition of chelates and
nanofertilizers for crop control and monitoring purposes.

2. Materials and Methods
2.1. Study Area

The study area is located in the central part of the Inter-Andean Valley, inside the
highlands of continental Ecuador, a country characterized by complex geodynamic settings
associated with a variety of natural hazards [100–102]. Two tests were conducted within
Campus IASA I in the Prado farm of the University of the Armed Forces ESPE (Figure 1).
The first test took place in a greenhouse with a translucent plastic cover and the second
test in the field, with areas of 60 m2 and 240 m2, respectively. This zone has a humid
mesothermic equatorial climate, with an average annual temperature of 14 ◦C. The average
annual rainfall is about 1500 mm, due to the location being at an altitude of 2748 m a.s.l.
The predominant soil type is mollisol, which is characterized by having a high content of
organic matter.
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2.2. Material

Spectral data were obtained with a Spectral Evolution PRS-1100 spectroradiometer,
which records spectral information in a range of 320–1100 nm. In addition, a GreenSeeker
crop sensor was used, which emits bursts of red and infrared light and measures the light
reflected by the leaves of the crop, with which it was possible to obtain normalized differ-
ence vegetation index (NDVI) values. Furthermore, in order to obtain spectral information
of the plant canopy, a DJI Mavic Pro UAV was used, where a multispectral sensor MAPIR
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Survey 3W - Red + Green + NIR (RGN, NDVI) was mounted. With that sensor we were
able to obtain information in near infrared (850 nm), red (660 nm) and green (550 nm)
light. Control points were obtained using a precision Trimble R8 GPS. Qgis software (QGIS
Development Team) was applied for geospatial data management. A diagram with the
materials and general process is illustrated in Figure 2.
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The formulas for the Vegetation Indices calculation are:

NDVI =
Rnir − RRED
Rnir + RRED

(1)

DVI = Rnir − RRED (2)

GNDVI =
Rnir − RGREEN
Rnir − RGREEN

(3)

RDVI =
Rnir − RRED√
Rnir + RRED

(4)

GCI =
Rnir

RGREEN
− 1 (5)

TNDVI =

√
Rnir − RRED
Rnir + RRED

+ 0.5 (6)

2.3. Establishment of Trials

Two trials were established in which the first was within a plastic greenhouse, with an
approximate area of 60 m2; the second was performed in the field, with an approximate area
of 240 m2. A completely random design (CRD) was applied with five treatments and three
repetitions (R1, R2, R3), with a total of 15 experimental units per trial. In the greenhouse, each
experimental unit had an approximate area of 4 m2, while in the field each experimental unit
included an area of approximately 15 m2.

The project comprised five treatments, of which the first was the control (T1), the
second and third treatment (T2 and T3) were the application of chelates of Fe and Zn
at concentrations of 2 g/L and 4 g/L, respectively, while the fourth and fifth treatment
(T4 and T5) were the application of nanofertilizers of Fe and Zn at concentrations of 540
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ppm and 270 ppm, respectively. The treatments were applied using foliar spraying with
the use of an atomizer, until the plant reached the point of runoff. In planning the sampling
times, the phenology of the lupin was considered as a basis. Then, four samplings were
conducted in the phenological stages of vegetative development, flowering, reproductive
stage and sheathing. It should be noted that the samplings were performed between two
and three days after the application of the treatments. The distribution of the trials in the
greenhouse and field may be observed in Figure 3.
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2.4. Data Capture

The data collection process was conducted between September 2019 and February 2020.
The spectroradiometer was used to capture spectral data in the two trials. In each experi-
mental unit, ten plants were selected, and from each one three leaves were chosen from the
upper third of the plant. Therefore, thirty spectral data were obtained per experimental
unit, and this process was repeated in the different samplings. The spectrum radiometer
generates a file with a .sed extension, which is compatible with Microsoft Excel software.
In Microsoft Excel, databases were set up according to the repetitions, treatments and
phenological states of the three spectral values of each plant. The mean values of each were
then derived, resulting in ten values for each experimental unit. The measurements were
conducted in active mode, allowing the spectroradiometer to generate its own light source;
thus, it was possible to eliminate environmental effects on the measurements.

Using the crop sensor, NDVI values were automatically obtained both in the field and
in the greenhouse. In order to ensure the accuracy of the readings, the sensor was placed at
a distance between 60–120 cm above the crop, parallel to the ground. In this way, in each
experimental unit a value was taken per plant, resulting in 10 NDVI data for each unit in
the different samplings. This equipment used has been illustrated in Figure 4.
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2.5. Aerial Image Capture with UAV

With the use of the UAV, the aim was to explore the possibility of its future application
as a tool for analyzing the effect of nanofertilizers on larger-scale crops. Therefore, in the
field trial, a total of five flights were performed with the DJI Mavic Pro UAV and a Survey
3W - Red + Green + NIR camera, allowing us to take multispectral images on the same days
as spectral data collection. For the execution of the flight, the Pix4D Capture application
was realized, in which the flight parameters such as longitudinal and transverse overlap,
height and terrain area were established. In order to georeference the multispectral images
obtained, four control points were established, and subsequently materialized in cylindrical
landmarks 40 cm high and 10 cm in diameter. The flights were tracked for two and a half
hours each in static mode, and later post-processed using the ppp method.

In the processing of the images obtained, the Pix4Dmapper software was used with the
3D Maps template, which is capable of generating orthomosaics. The process is divided into
three steps, being initial processing, mesh and point cloud generation and MDS and orthomo-
saic generation. Once the orthomosaics had been generated, the radiometric calibration was
performed using the MAPIR Camera Control application and the MAPIR Calibration Ground
Target PackageV2 card (See Figure 5). This process was repeated for the different flights in
order to obtain orthomosaics in different phenological stages. A detailed explanation of the
calibration process using the aforementioned software can be found in [103].
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2.6. Generation of Vegetation Indices

The vegetation indexes, i.e., the normalized difference vegetation index (NDVI), trans-
formed normalized difference vegetation index (TNDVI), green band (GNDVI), grass-
land curing index (GCI), renormalized difference vegetation index (RDVI), relative vigor
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index (RVI) and difference vegetation index (DVI), were calculated from the spectral
data [104–107]. This method involved extracting reflectance values from the entire spec-
trum captured by the spectroradiometer, specifically from the bands relevant to each
vegetation index. With these values, the index can be calculated, which is a numerical value
that enables the application of differentiation statistics and facilitates informed decision-
making. Additionally, the DVI index was used to discriminate between soil and plant
values, with the aim of avoiding values that could potentially contaminate subsequent
extractions (See Figure 6). In the multispectral images obtained, the NDVI index was
calculated. To obtain the value of the vegetation index per plant, they were georeferenced
using the RTK method, with which 150 points were obtained (See Figure 7). A buffer was
generated at these points and the Zonal Statistics tool was applied.
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2.7. Statistic Analysis

Prior to the ANOVA analysis of the vegetation index values obtained by
different methods, an exploratory analysis of the data was conducted. This was gen-
erated in order to organize and prepare the data, detect failures in the data collection
and identify outliers. Specifically, to ensure the validity of the statistical analyses, the
assumptions of normality and homogeneity of variances were evaluated prior applying the
parametric ANOVA test. Given that the dataset contained more than 50 observations, the
Kolmogorov–Smirnov test was applied to assess normality, while Levene’s test was em-
ployed to verify variance homogeneity. Additionally, outliers attributable to measurement
errors were identified and subsequently excluded in order to prevent potential distor-
tions within the results. The statistical analysis started with the hypothesis tests approach
between the different treatments applied to the cultivation of lupin. Several hypothe-
ses were then raised for both trials. Regarding the treatments, it is confirmed that H_0
are the vegetation indices that are not efficient to identify characteristics associated with
the treatment of nanofertilizers and Fe and Zn chelates in lupin cultivation. The H_1
are the vegetation indices that are efficient to identify characteristics associated with the
treatment of nanofertilizers and Fe and Zn chelates in the lupin crop. Regarding the phe-
nological states, the H_0 are the vegetation indices which are not efficient to spectrally
characterize the lupin crop during its phenological development. Finally, the H_1 are the
vegetation indices which are efficient to spectrally characterize the lupin crop during its
phenological development.

3. Results
3.1. Data Capture

A total of 1782 spectral signatures were obtained with the spectroradiometer in the
trial, associated with the four samplings conducted, during the phenological development
of the lupin. Regaring the NDVI index values, by using the crop sensor, a total of 600
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values and 594 values were obtained for field and greenhouse trials, respectively. In the
field trial, four orthomosaics were obtained in RGN, one for each phenological state during
the development of the crop. The flight parameters were identical for all flights (Table 1).

Table 1. Flight parameters.

Flight time 6 min 59 s

Longitudinal overlap 90%

Transverse overlap 80%

Flight height 30 m

Total surface 37 m × 82 m

GSD 1 cm

Speed 3 m/s

Flight lines 5

3.2. Statistical Analysis of the Vegetation Index

Vegetation indices were calculated (NDVIE, GNDVI, TNDVI, DVI, RVU, RDVI
and GCI) by means of the spectral response and NDVIS of the crop sensor, for each
treatment, during the four phenological stages (reproductive stage, vegetative develop-
ment, flowering and sheathing). From the images taken with the UAV in the field trial, a
NDVIUAV map was produced for each phenological stage. From this information, descrip-
tive statistics such as the mean, standard deviation, data distribution graphs and box plot
were obtained. The analysis was performed in order to verify the existence of a normal
distribution among the data and to obtain outliers.

3.3. Analysis of Variance (ANOVA)

For the field and greenhouse tests, an analysis of variance was applied to the vegetation
indices obtained from the radiometric data, NDVIS values from the crop sensor and
NDVIUAV values acquired through the UAV. This was in order to determine the hypotheses
raised and to identify differences between the treatments and phenological states in the
lupin crop, starting from the VI. Table 2 lists the treatment values and phenological states
resulting from the trial.

Table 2. The p-values for vegetation indices (NDVIS)—greenhouse test.

Index
p-Value

Treatment Phenological State

Sp
ec

tr
a

NDVIE <0.0001 * <0.0001 *

RVI <0.0001 * <0.0001 *

GNVI <0.0009 * <0.0001 *

TNDVI <0.0001 * <0.0001 *

RDVI <0.0001 * <0.0001 *

DVI <0.0001 * <0.0001 *

GCI <0.0032 * <0.0001 *

Crop
sensor NDVIS 0.5149 <0.0001 *

* Statistical significance p-value < 0.05.

Table 2 indicates that there is statistical significance in the vegetation indices when
analyzing the treatments and phenological states of the lupin crop; therefore, the alternative



Agronomy 2025, 15, 469 10 of 21

hypothesis is accepted. For the NDVI obtained with the crop sensor, there is no statistical
difference in the treatment of chelates and nanofertilizers of Fe and Zn; therefore, the null
hypothesis is accepted. However, for the case of phenological states, there is statistical
significance; thus, the previously exposed alternative hypothesis is accepted.

The p-values presented in Table 3 indicate that the only statistically significant results
were obtained from the RDVI, DVI and GCI indices through the application of nanofer-
tilizers and chelates. Therefore, the alternative hypothesis was accepted. In the case of
phenological states, the p-values indicate statistical significance in all indices, and therefore
the previously exposed alternative hypothesis was accepted. For the NDVIUAV and NDVIS
indices, statistical significance was found in treatments and phenological status. Once the
indices were established with p-values < 0.05, Tukey’s test was applied at 5% in order to
find differences in means between the treatments and phenological states.

Table 3. The p-values for vegetation indices (NDVIUAV, NDVIS)—field trial.

p-Value

Index Treatment Phenological State

Sp
ec

tr
a

NDVIE 0.1835 <0.0001 *

TNDVI 0.2001 <0.0001 *

GNDVI 0.0831 <0.0001 *

RVI 0.7576 <0.0001 *

RDVI <0.0001 * <0.0001 *

DVI <0.0001 * <0.0001 *

GCI <0.0141 * <0.0001 *

UAV NDVIUAV <0.0331 * <0.0001 *

Crop sensor NDVIS <0.0035 * <0.0001 *
* Statistical significance p-value < 0.05.

3.4. Tukey’s Statistical Test
3.4.1. Greenhouse Treatments

The NDVIE and TNDVI vegetation indices behave in a similar way; therefore, the
results of the Tukey test indicate that treatments 2, 4 and 5 (T2, T4 and T5) occupy the same
range (A). That is, statistically they are equivalent, while treatment 1 (control) occupies a
different rank (B). This demonstrates that spectrally, it is possible to differentiate between
a lupin plant with and without fertilizers (chelates and nanofertilizers). However, a
difference cannot be established between nanofertilizer and chelate treatments, since they
are statistically equivalent.

The results of the Tukey test of the GNDVI and GCI vegetation indices indicate
that treatment T5 occupies one range (A), while treatments 2 and 3 (T2 and T3) oc-
cupy a different range (B), that is, they are statistically equivalent. However, treatments
1 and 4 (T1 and T4) can be located in A or B. Vegetation indices DVI and RDVI behave
in a similar way. The results of the Tukey test demonstrate that treatment 4 (T4)
occupies range (A), and treatments 1, 3 and 5 (T1, T3 and T5) occupy a different
range (B); that is, statistically they are equivalent, while treatment 2 (T2) may be located in
A or B.

3.4.2. Phenological States—Greenhouse

The results of the Tukey test of the NDVIE and TNDVI vegetation indices
indicate that phenological stages 3 (vegetative development), 4 (flowering) and 6 (sheath-
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ing) can be classified into three different categories (A, B and C), while phenological
state 5 (reproductive) can be located in B or C, which allows us to deduce that the lupin
crop can be differentiated spectrally by phenological state. The Tukey’s test results of the
GNDVI and GCI vegetation indices demonstrate that phenological stage 6 (sheathing)
presents a range (B), while phenological stages 3, 4 and 5 occupy a different range (A). This
indicates that spectrally it is possible to differentiate between the phenological states of
the lupin crop. However, a difference cannot be established between states 3, 4 and 5, as
they are statistically equal. In the case of the DVI and RDVI vegetation indices, it is evident
that the four phenological states analyzed occupy a different range, which allows us to
deduce that, spectrally, the lupin crop can be differentiated by phenological state, as listed
in Table 4.

Table 4. Tukey test at 5% of the DVI and RDVI indices for the phenological stages in the greenhouse trial.

Phenological
State

Description
DVI RDVI

Range
Mean Mean

5 Reproductive 85.46 8.62 A

3 Vegetative development 82.72 8.49 B

4 Flowering 77.41 8.23 C

6 Sheathing 76.02 8.11 D
Means with a common letter are not significantly different (p > 0.05).

3.4.3. Field Treatments

Regarding the application of the Tukey test on the RDVI values, the means of each
treatment are demonstrated, e.g., treatment T1 belongs to range (A), followed by T5, while
T4 is included in range (B). Therefore, there is no significant difference between their means,
as the T2 treatment is in the (B–C) ranges, while the T3 treatment appears in the C range.
The DVI index describes a grouping of treatments similar to the RDVI, because it was
proposed to improve the DVI and NDVI indices. In this case, the T5 treatment is in the
(A–B) ranges, meaning that there is no significant difference between the control and Fe
and Zn nanofertilizers at 270 ppm concentration.

Tukey’s test applied to the GCI index indicates that treatment T2 presented the highest
mean, while treatment T5 and T1 are in the (A–B) ranges, coinciding with the DVI index.
Hereby, there is no significant difference. On the other hand, there is a difference between
treatment T2 and T4 with respect to T3. For the NDVI obtained from the crop sensor, it
presents two ranges, the treatments T4 and T1 being in range (A), the treatments T5 and T2
in ranges (A–B), while range (B) includes the treatment T3. In other words, there is only a
significant difference between the treatment T4, T1 with respect to T3, this being the lowest
mean and it coincides with the rest of the indices in this aspect. The results of the Tukey
test for the NDVIUAV index indicates that there is a significant difference only between
treatments T3 and T1, with T3 being the maximum mean of all treatments, thus, this result
differs from the rest of the indices analyzed.

3.4.4. Phenological States—Field

Tukey’s test by phenological state, applied to the NDVIE and TNDVI indices, yields
equal ranges for the means. Three ranges are identified, in which state 5 is in range (A),
states 4 and 6 in range (B), and finally, state 3 in range (C). This confirms that the NDVIE and
TNDVI indices identify spectral characteristics that differentiate between the phenological
stages of the lupin crop. Tukey’s test of the RDVI and DVI indices indicates a distribution of
ranges similar to the NDVIE index, with three ranges where states 4 and 3 are significantly
distinguished, while states 5 and 6 are in the same range. The behavior of the RDVI values
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indicates that state 4 presents the highest mean compared to the NDVI index, which was
state 5. Additionally, there is no significant difference between the last two states (5 and 6).
The GNDVI and GCI indices (Table 5) presented a behavior similar to the previously
described NDVIE index, and additionally coincides with the NDVIUAV, since state 5 is the
highest mean. Thus, the hypothesis raised is corroborated, that the indices are efficient to
spectrally characterize the lupin crop during its phenological development.

Table 5. Tukey’s test for GNDVI, GCI indices by phenological state.

Phenological
State Description GNDVI

Mean GCI Mean Range

5 Reproductive 0.73 5.44 A

4 Flowering 0.70 4.64 B

3 Vegetative development 0.68 4.20 C

6 Sheathing 0.66 3.98 D
Means with one letter in common are not significantly different (p < 0.05).

The Tukey test for the NDVI values obtained from the GreenSeeker crop sensor
demonstrates the means of the different phenological states, and they were classified
into three ranges. There is a significant difference between states 3 and 6, while states
5 and 4 are not distinguished. Tukey’s test for the NDVI values obtained by the UAV
indicates four ranges, one for each phenological state (Table 6). That means that the stages
of phenological development of the lupin crop are significantly distinguished, unlike what
was shown by the NDVIE index, which did not present a significant difference between
stages 4 and 6.

Table 6. Tukey’s test for NDVIUAV index by phenological state.

Phenological
State Description NDVI

Mean Range

5 Reproductive 0.63 A

3 Vegetative development 0.59 B

6 Sheathing 0.53 C

4 Flowering 0.35 D
Means with one letter in common are not significantly different (p < 0.05).

3.5. Comparison of NDVIS Values Between Trials

From the data obtained from the crop sensor, graphs illustrating the behavior of
each treatment in the different phenological states for each trial are presented in order
to perform a comparative analysis between trials (Figure 8). From the first application
of nanofertilizers and chelates, an improvement was identified in the T4 and T5 treatments
with respect to the initial state in the two trials. On the other hand, the T3 treatment
indicates a decrease in the NDVI value for the field test, while it is maintained for the
greenhouse test. The phenological state of flowering demonstrates a decrease in the
NDVI value in all treatments, which is due to the susceptibility to diseases that this state
presents. For both trials, treatment T4 shows a recovery compared to the rest. Finally, in
the sheathed state, the treatments with nanofertilizers indicate higher averages than the
control. Treatment T3 presented the lowest means throughout the vegetative development
of the lupin crop.
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4. Discussion
4.1. Greenhouse Trials
Treatments

Data were generated from a spectroradiometer, a crop sensor and an UAV with
a modified lens in order to generate vegetation indices (NDVI, TNDVI, SR-RE, NDRE,
NDVIE and CCI). Within the studies previously mentioned, the NDVI and TNDVI indices
did not efficiently identify significant differences between treatments, while in the current
investigation these indices indicated that there is a significant difference between treatments
T2, T3, T4 and T5, with respect to T1 (control).

In the case of the GNDVI and GCI indices, it was observed that treatment 2 (T2)
presents the lowest value, while treatment 5 (T5) presents the highest. The GCI and
GNDVI indices present a higher value in both treatment 5 and 4, because these indices
have indicated greater sensitivity to variations in chlorophyll content. The RDVI and
DVI vegetation indices demonstrate that treatment 1 has the lowest value, while T4 has
the highest. These indices, by making use of the red and near-infrared portions of the
electromagnetic spectrum, can establish reflectance combinations that are sensitive to
chlorophyll concentration, foliage agglomeration and canopy leaf area. The effect of
nanofertilizers on lupin cultivation may contribute to decreases in NIR wavelengths and
increase in red wavelengths, thus causing an increase in the values of these vegetation
indices [108].

In several studies conducted by applying the vegetation indices NDVI and TNDVI,
significant differences were established between the phenological states of the crop, but
with little precision; that is, one phenological state could not be differentiated from the
other [99,109]. Similarly, in such studies the NDVI and TNDVI indices presented the same
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results, but unlike previous studies, when applying the DVI and RDVI vegetation indices it
was possible to establish significant differences in the four phenological stages of the crop.

4.2. Field Trial
4.2.1. Treatments

In the study of [109], significant differences were encountered between seed fertiliza-
tion treatments applied to lupin cultivation through the NDVI and TNDVI indices obtained
from spectral data. However, in the present project, these indices did not indicate any
significant differences between the treatments applied for the field trial, and, on the other
hand, the DVI, RDVI and GCI indices were able to significantly differentiate the applied
treatments. According to the DVI and RDVI indices, both nanofertilizers and chelates were
unable to present improvements with respect to the control. This differs from another study
on the foliar application of the NPK nanofertilizer in potatoes, where significant effects on
the yield and quality of the crop were reported [110]. The months in which the experiment
was conducted corresponded to the wet season, accumulating 1370 mm of precipitation.
Therefore, this lack of effect may be attributed to the possibility that rainfall washed away
the foliar application.

According to the Tukey test for the GCI index, the T4 treatment indicates a higher mean
than the control treatment. This was seen in a previous study, where ZnO nanofertilizers were
sprayed on bean plants, generating important improvements in plant biomass, root length
and chlorophyll content [111]. From the results obtained in the field, based on the Tukey
test for the NDVIS and NDVIUAV indices, both indices significantly distinguished between
applied treatments. Additionally, they presented a strong contrast, since in the NDVIS index,
the treatment with the lowest mean was T3, the opposite of the NDVIUAV index, in the case
of the crop sensor. This difference may be related to the data collection height, since the crop
sensor performs readings of the upper part of the canopy of the studied plant. That is, the
reflected energy detected belongs to the cover closest to the sensor, while the radiation or
obtained from the images by UAV comes from the entire crop canopy [112].

In the field trial, the NDVI and TNDVI indices obtained from radiometric data sig-
nificantly distinguished three of the four phenological states studied, indicating greater
precision than in the study by [109], where only two phenological states with the same
indices were differentiated. It also presents a precision similar to that indicated by [99] in
their study on lupin using the NDVI and TNDVI indices obtained from radiometric data
in a field trial. On the other hand, the RDVI and DVI indices significantly differentiated
three states, as did the NDVI. The reproductive state presented the highest NDVI value,
while the flowering state was the highest in DVI and RDVI. This contrast may be due to the
fact that the NDVI index is more sensitive to low and medium concentrations of chloro-
phyll than RDVI, and the presence of chlorophyll in the leaves is closely related to plant
health [113,114]. Finally, the GNDVI and GCI indices indicated greater precision compared
to the rest of the indices obtained from radiometric data, since they significantly distin-
guished each phenological state. This coincides with the study by [99], where the authors
analyzed the CCI index to distinguish between phenological states in lupin cultivation.

The NDVIUAV index significantly differentiated each phenological state, unlike the
study by [99], where they demonstrated significant differences in only one phenological
state. This may be related to the type of camera used (Parrot Sequoia); in the present study,
a UAV camera was used. Regarding the behavior of the NDVIUAV value throughout the
vegetative development, it was observed that the flowering state presented the lowest
average, which was also seen by [115] in their study on corn. The value of the NDVI index
presented greater variation when it bloomed. Likewise, this phenological state presents a
high correlation with the crop yield.
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4.2.2. Comparison Between Trials

According to the preliminary sampling (development 1), the NDVI values varied from
0.78–0.81 for the field trial, while for the greenhouse they were about 0.73–0.79. This is
because factors such as the leaf thickness, leaf age and leaf area index can influence the
spectral response of the leaf [116]. Regarding the treatments T4 and T5 (nanofertilizers),
they yielded an increase in the value of the index after the first application for both tests,
since the application of ZnO nanofertilizers increases the chlorophyll content [111]. On the
other hand, treatment 3 (chelates) in the field trial presented the lowest value of NDVIS in
all phenological states, because it contained a concentration higher than the recommended
concentration, causing a possible phytotoxicity in the plant [117].

In the flowering state, the different treatments determined a significant decrease in
the index value in the two trials, as a product of the sensitivity to diseases that this state
presents [118]. This agrees with studies on lupin and corn, in which the NDVI value
decreased and varied significantly in this phenological state [99,115].

In the reproductive state, T5 in the field tests and T4 in the greenhouse tests indicated
an increase in the value of NDVIS, surpassing the control treatment since nanofertilizers
are useful for disease management. Finally, in the sheathed state, a decrease in the value of
NDVIS was identified, which is usually observed when the crop is close to physiological
maturity [119]. On the other hand, in a different study, a decay in the relation of rice grain
yield with the values of the crop sensor was encountered, possibleydue to effects related to
the decrease in the canopy in front of the sensor’s field of view [120].

The criterion for discerning that the greenhouse environment had a better effect on the
crop was based on the fact that the equipment was able to significantly differentiate between
treatments, whereas in the field it was not. If we analyze the absolute values of the NDVI
index (Figure 8), T4 and T5 always end up, in both cases, above the rest of the treatments in
the final phenological stage, but this differentiation is greater in the greenhouse, meaning
there is a greater separation in the results between treatments. Additionally, for T4, it can
be observed that there is a greater drop between the vegetative development 2 stage and
the flowering stage, but the plant is able to recover for the reproductive stage. On the other
hand, we see that control follows a more regular evolution, always ending in the final
phenological stage with lower vigor.

5. Conclusions
The use of geospatial tools in the cultivation of lupin allows for the spectral characteri-

zation of the effect of the application of nanofertilizers and Fe and Zn chelates. The use of
these instruments made it possible to generate indices that allowedus to identify significant
differences between treatments, as well as between phenological states.

From the field trial, four RGN orthomosaics were obtained, one for each phenological
state. These were used to generate NDVI maps and obtain a total of 600 weighted NDVI values.

We can conclude that the vegetation indices (NDVI, TNDVI, GNDVI, GCI, DVI and RDVI)
were efficient in spectrally characterizing the lupin crop under the application of nanofer-
tilizers and Fe and Zn chelates in controlled trials. In each of the analyses, treatments T4
(nanofertilizers Fe and Zn 540 ppm) and T5 (nanofertilizers Fe and Zn 270 ppm), allowed
us to obtain higher values with respect to the control. In the case of the vegetation indices
NDVI and TNDVI, the treatments with nanofertilizers (T4 and T5) presented higher values,
meaning that they improved the health status of the crop. Likewise, the GNDVI and GCI
indices indicated higher values in the treatments with nanofertilizers. Therefore, it can be
concluded that chlorophyll levels were higher, because these indices are sensitive to this
parameter. Similarly, the vegetation indices DVI and RDVI presented higher values in treat-
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ments T4 and T5, compared to the control (T1). That is, the application of nanofertilizers
improved the cell structure of the culture.

Through the use of the spectroradiometer, it was possible to generate vegetation indices
that allowed us to significantly differentiate between treatments applied to the cultivation
of lupin in the field. The DVI and RDVI indices that use the NIR band established that the
nanofertilizers (T5) did not alter the cell structure of the plant, while the GCI index that
uses the green band identified a higher concentration of chlorophyll in the T4 treatment
(therefore, increased pigmentation in the leaves). In terms of precision, the DVI and RDVI
indices stood out compared to the GCI index since they differentiated three of the five
treatments applied. On the other hand, the NDVI index obtained from the crop sensor
indicated better pigmentation in the T4 treatment leaves, while the NDVIUAV presented a
precision similar to the GCI index.

All of the indices obtained from the spectral signatures in the greenhouse and field
tests efficiently distinguished between the different phenological states of the lupin crop.
The NDVIE, TNDVI, RDVI and DVI indices only managed to significantly differentiate
three of the four states analyzed, while the GNDVI and GCI indices presented greater
sensitivity when distinguishing each phenological state. This established a decrease in
pigmentation during the sheathed state, due to the proximity of senescence of the plant.

The indices calculated using spectral data efficiently distinguished between phenolog-
ical states. In the greenhouse test, the DVI and RDVI indices presented greater precision to
significantly differentiate the four phenological states, while in the field test the GNDVI
and GCI indices indicated greater precision because they are more sensitive to chlorophyll
content. Similarly, the NDVI index obtained using the multispectral camera (RGN, NDVI)
significantly differentiated each state, which establishes the importance of spectral resolu-
tion when conducting studies on different crops.

Through the use of the spectroradiometer spectrum, it was possible to demonstrate that the
application of Fe and Zn nanofertilizers implied an improvement in the structure and chlorophyll
content of the leaf, and therefore in the development of the lupin plant in the greenhouse test.
Contrarily, in the field trial the applied treatments did not yield an improvement in relation
to treatment 1 (control). This may be related to environmental factors, such as temperature,
light, relative humidity and application time, which influence the success of foliar fertilization.
Additional treatment of T3 caused a deterioration in chlorophyll, as well as in the cellular
structure of the plant in both tests. On the other hand, according to the indices obtained
from spectral data (NDVIS and NDVIUAV), a decrease in vigor and health of the plant was
established in the flowering state due to the susceptibility to diseases that this state presents.

Measurements conducted in the greenhouse evidenced that the application of nanofer-
tilizers at a concentration of 540 ppm exhibited significant effectiveness; however, this
concentration was less effective in field conditions. Future work should focus on improving
the retention mechanisms of nanofertilizers under less controlled environmental conditions,
such as the influence of wind or precipitation.

Future work may propose the use of hyperspectral cameras in order to expand the
range of spectral bands available from the drone and, furthermore, to extend the study to
larger surface areas. Similarly, this methodology may be applied to other types of crops to
non-invasively analyze the effects of new treatments on different agricultural systems.
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