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Abstract: The capability of UAVs imagery to monitor and predict the evolution of several forage
associations was assessed during the whole growing cycle of 2019-20. For this purpose, eight
different forage associations grown in triplicate were used: vetch-barley-triticale (VBT), vetch-triticale
(VT), vetch-rye (VR), vetch-oats (VO), pea-barley-triticale (PBT), pea-triticale (PT), pea-rye (PR) and
pea-oats (PO). Six biophysical parameters were monitored through six vegetation indices on seven
measurements dates distributed along the growing cycle. The experiments were carried out on the
organic farm “Gallegos de Crespes” located in the municipality of Larrodrigo (Salamanca, Spain).
The results obtained in the exploratory and the correlation analysis suggested that a predictive model
(PLS regression) could be performed. Overall, vetch-based associations showed slightly higher
values for both the field parameters and the vegetation indices than pea-based ones. Correlations
were very strong and significant for each association throughout their growing cycle, suggesting
that the evolution of the associations would be monitored from the spectral indices. Integrating
these multispectral observations in the PLS model, the agronomic parameters of forage associations
were predicted with a reliability of more than 50%. A single combination of VNIR (or even only
visible) bands was able to feed the regression model, leading to a successful prediction of the
agronomic parameters.

Keywords: crop biophysical variables; drone; forage association; PLS; vegetation indices

1. Introduction

Forages are one of the main feed sources for livestock, especially for ruminants, which
are able to transform protein-poor feed into high-protein human consumption products
such as meat and milk [1]. Generally, such forages are based exclusively on cereals such as
barley, oats or wheat, among others, due to the high dry matter yield they produce at very
low cost. These cereal-based forages provide large amounts of energy to the animals, but
lack other vital elements such as protein, thus reducing their nutritional quality [2]. The
separate purchase of protein supplements results in high feed cost, and considering that
high quality forage optimizes animal productivity, increasing the quality of such forages
is a much more effective method of improving overall feed efficiency [3]. One of the
most cost-effective ways of increasing forage quality is by mixing cereal crops with others
species capable of increasing the protein content of the overall ration, such as legumes.
Crop associations or intercropping systems are defined as the simultaneous growing of two
or more species on the same area during a significant period of their growing season [4].
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These crop mixtures show several potential advantages over sole crops, as they have
higher yields and greater yield’s stability from season to season, are more resistant to pests
and diseases, improve forage production quality, maintain soil fertility due to legume’s
biological fixation of nitrogen and increase microbiota biodiversity [5].

Considering the importance of forages in agriculture, it is necessary to carry out period-
ical assessments of the nutritional, physiological and sanitary status of forages throughout
their growing cycle. This will allow to characterize the different crop associations and aid
in estimating both the quality and potential yields of these crops [6]. Nowadays, the limited
available methodologies to carry out this monitoring consist of painstaking field works
(Hollinger 1997) usually divided into two stages. The first one is a non-invasive stage based
on visual observations to check the phenological and sanitary state of the crop [7] and
on parameter measurements that do not involve sample extraction, such as chlorophyll
level [8], crop height or fractional vegetation cover (FVC) estimation [9], among others. On
the other hand, the second stage is an invasive one and consists of collecting a sample over
a known surface area in order to estimate leaf area index (LAI) [10], productive yield and
forage quality [11,12].

Remote sensing, particularly piloted aircraft and satellite imagery (RGB, multispectral
or hyperspectral), has emerged in the last twenty years as a widespread non-invasive
methodology for crop monitoring [13]. However, their images lack high enough spatial
resolution to perform accurate time series analysis [14]. In this context, drones or Un-
manned Aerial Vehicles (UAVs) and the miniaturized sensors they carry have emerged as
a useful technology. These sensors offer very high-resolution images, low operational and
maintenance costs and instantaneous data transmission [15]. Among them, multispectral
(MS) sensors stand out as one of the best options for assessing crop growth, biomass
quantity and several biochemical indicators [16-18], specifically from forages [19]. The
more common MS sensors are able to register five or six bands in the visible-near infrared
spectra region. Using different algebraic combinations of these bands, a wide range of
vegetation indices can be calculated. The most widespread due to its great versatility is the
Normalized Difference Vegetation Index (NDVI) [20] as it not only provides information on
the quality and development of vegetation, but has also been used to estimate productive
yields in certain crops [21-23].

The hypothesis of the work is that it is possible, on the basis of a range of vegetation
indices taken along the growing cycle, to predict several agronomic characteristics of crops
at any moment of their growth cycle. If so, these indices could replace the laborious field
work that must be carried out for in situ crop monitoring. Since the single indices may be
insufficient to model the crop evolution, a wide range of regression models emerge as a way
of integrate the information of all of them, such as the Support Vector Machine (SVM) [24],
based on the machine learning theory, or the regression model based on Partial Least
Squares (PLS) [25,26], which is a multivariate statistical tool with applications in many
academic disciplines, including precision agriculture [27-30]. PLS is the most successful
multivariate calibration method in the application of the combination of chemometrics
with spectral data [31]. This technique addresses the problem of finding a linear regression
model by mapping the explanatory variables and the observed variables into a new space.
Besides, it is an easy and intuitive method that analyzes associations between two sets
of data and highly recommended when the explanatory variables are correlated. It is a
non-parametric technique which makes no distributional assumptions that works with
small sample sizes [32]. The PLS transformations of the explanatory variables try to explain
the covariance between the explanatory and observed variables as far as possible [33].

Considering the above, the present work shows a first screening of the potential of
airborne multispectral images captured with UAVs for the monitoring and prediction of
several in situ agronomic parameters of different forage associations. The research ex-
plored the relationships between a few spectral indices UAV-based and simultaneous field
measurements over several fields of forage associations during a 2019-20 campaign. The
indices suitability was first assessed after a descriptive analysis and a correlation analysis,
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whose promising results suggested the suitability of a robust mathematical method (PLS) to
build a prediction model of the growing cycle parameters. Other contribution to the UAVs
community is the assessment of the use of indices on the visible spectra as an alternative of
the more costly infrared-based cameras. The paper was organized as follows: Section 2
explains the experimental layout, the data acquisition and the statistical analysis. Section 3
is devoted to the results and their discussion, and the Conclusions close the text.

2. Materials and Methods
2.1. Experimental Design

This study was carried out from October 2019 to June 2020 on the organic production
farm “Gallegos de Crespes” (40°42/'13" N-5°25'43" W; 906 m a.s.l.) located in the munici-
pality of Larrodrigo, in the southeast of the province of Salamanca in Castilla y Leon, Spain
(Figure 1).
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Figure 1. Farm location, experimental design and Digital Elevation Model (DEM) of the study area. VBT: vetch-barley-triticale,

VT: vetch-triticale, VR: vetch-rye VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.

The climate in the area is Mediterranean with continental influence, characterized by a
high thermal range and a frost period from October to April. According to the Spanish Me-
teorological Agency (AEMET), during the study period an average temperature of 9.50 °C,
an accumulated rainfall of 380.34 mm and an accumulated radiation of 3893.05 MJ/ m?
were recorded. The crops were grown on a plain terrain on sandy, gravelly and pebbly
soils over arcosic sandstones (pH 5.5-6 and sandy-clay-loam texture).

Six different forage crops were selected to form the subsequent crop mixtures: vetch
(Viicia sativa cv. “Rada”), pea (Pisum sativum cv. “Cabestron”), triticale (Triticum x Secale cv.
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“Elleac”), six-row barley (Hordeum vulgare ssp. Hexastichum cv. “Yuriko”), rye (Secale cereale
cv. “Serafin”) and oat (Avena sativa cv. RGT “Chapela”). These crops were combined in eight
different forage associations: vetch-barley-triticale (VBT), vetch-triticale (VT), vetch-rye (VR),
vetch-oats (VO), pea-barley-triticale (PBT), pea-triticale (PT), pea-rye (PR) and pea-oats (PO).
The associations containing vetch were sown at a rate of 140 kg/ha (70% legume—30% cereal)
while those containing pea were sown at 130 kg/ha (60% legume—40% cereal). The sowing
took place on 19 October 2019 and the harvesting on 10 June 2020. All the associations have a
similar growing cycle under a rainfed regime.

Each association was grown in triplicate in a random block design of 24 experimental
plots of 400 m? each, covering an area of approximately one hectare (Figure 1). The
characterization of these associations was carried out over the first row of plots, numbered
from 1 to 8 consecutively.

2.2. Field and Laboratory Estimations

Several biophysical parameters of the associations were monitored along the growing
cycle of 2020 (n = 7 measurements on dates 02/04; 02/26; 03/26; 04/14; 05/02; 05/17;
05/29). To estimate them, both destructive (sample collection) and non-destructive methods
were carried out in the field. Then, laboratory estimations were conducted to obtain final
values. The following parameters were estimated at association level: the Leaf Area Index
(LAI), the fresh and dry biomass (FB and DB), the vegetation water content (VWC) and
the percentage of water content (PWC). On the other hand, using non-destructive field
methods, the fraction of vegetation cover (FVC) was estimated. Other parameters were also
estimated (e.g., plant height, chlorophyll) but were discarded here as they were collected at
plant level. Table 1 listed the selected parameters, which aimed to describe both the state
of the plant and their rate of activity [34], and have been largely used in remote sensing
applications to agronomy [35-37].

Table 1. List of the field and laboratory parameters used in the study.

Field/Laboratory Parameters Units
Fraction of Vegetation Cover FVC %
Leaf Area Index LAI m2/m?2
Fresh biomass FB gr/ m?2
Dry biomass DB gr/ m?
Vegetation Water Content VWC gr/ m?
Percentage of Water Content PWC %

Two replicates of plant samples were taken at association level over a circular fenced
area of 0.125 m?, together with zenithal photographs taken at a same height of 1.5 m,
following the protocol of Sdnchez et al. [38]. Each sample was geolocated with a GPS
receiver. Regarding the laboratory estimates, dry and wet weights of the sample were
obtained, given that the wet weight is assumed as the FB, and their difference as the VWC
expressed both in g/m? and in percentage. Forage samples were dried in a forced air
oven at 60 °C for 48 h, until constant weight. To obtain the green LAI, leaf samples were
scanned and digitally processed in the Image J software [39], which is a very common
way to estimate the foliar area [40—-42]. Finally, the FVC was estimated from the zenithal
photographs using a supervised classification performed in PCI Geomatics Banff software,
which allowed the segmentation of green/dry covers, bare soil and shadows [43].

2.3. Multispectral Imaging Collection and Vegetation Indices

Seven drone missions were flown simultaneously to the field measurements (around
midday to avoid shadows). The mission area was approximately one hectare wide, and
the flying altitude was fixed to 43 m above the ground. The UAV model was a DJI (SZ
DJI Technology Co., Ltd., Shenzhen, China) Inspirel, with a Micasense (AgEagle Sensor
Systems Inc., d/b/a MicaSense, Wichita, KS, USA) Red Edge M camera on board. The
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camera was mounted in the aircraft together with the GPS receiver and the downwelling
light sensor using an ad hoc structure (Figure 2). The equipment was completed with a
calibrated reflectance panel to radiometrically calibrate the imagery and four permanent
ground control points to georeference the images.

Figure 2. DJI Inspire 1 with a hitched Red Edge M camera. GPS receiver and the downwelling light
sensor were mounted by using an ad hoc structure.

The Micasense sensor is a multispectral camera with five discrete bands in the visible-
near infrared spectra, namely blue (475 £ 20 nm), green (560 & 20 nm), red (668 £ 10 nm),
near infrared (840 + 40 nm) and red edge (717 & 10 nm). The imager resolution is
1280 x 960 pixels, that afforded a spatial resolution for the resulting maps of 3 cm for
all the acquisitions. The treatment of images was performed in Pix4D Mapper (Pix4D P.A.,
Prilly, Switzerland) software using a customized template that included, in addition to the
geometric corrections and orthomosaicking, the radiometric calibration and the retrieval of
the corrected reflectance maps together with the vegetation indices.

Three indices were proposed, in the first place the aforementioned NDVI, the forefront
of vegetation indices. Also, the normalized ratio between red and green bands, the Green-
Red Vegetation Index (GRVI) [44], and the proportion of green reflectance in the whole RGB
space, the so-called Greenness index. A red-edge version of the three was also obtained,
replacing the red band for the red-edge one. Table 2 summarizes the six resulting vegetation
indices and their formulation.

Table 2. Vegetation indices used in this study. Rnir, Rredges Rred, Rgreen and Ry, are the reflectance
in the respective bands.

Vegetation Indices Equation
Rgrcen
Greenness Gr Ried + Rgreen + Rotue
R reen
Greenness_Red_Edge Gr_redge m
R — Rre
Normalized Difference Vegetation Index NDVI RZ;? + ij
RNir — Ryedge
Normalized Difference Vegetation Index_Red_Edge NDVI_redge Rnir + R,edie
R reen Rred
Green-Red Vegetation Index GRVI Rimn T Ryea
Green-Red Vegetation Index_Red_Edge GRVI_redge Ryreen — Rradge

Rgrzen + Rredge

GRVI and Greenness were selected to investigate the feasibility of visible bands of RGB
cameras, typically on board the UAVs, as an alternative to the most expensive multispectral
cameras. RGB-based indices have been widely used to monitor vegetation status [45,46],
particularly after the advent of UAVs applications in agronomy [47-51]. In this vein,
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GRVI was successfully applied to estimate biomass and yield [49,50,52], nitrogen [53] or
phenology [54]. Besides, the Greenness index is a simple way to indicate the proportion of
vegetation cover [45], so it is expected to be related with FVC and LAL

An area similar in size to that of the field measurements was extracted over the indices
at their locations, to be fairly compared with the vegetation estimations.

2.4. Statistical Analysis
2.4.1. Exploratory Analysis of Data Variability

In the first place, a comparative analysis at association level between the temporal
evolution both of the field estimations and the indices was performed to examine their
matching. Conversely, a comparison at each date of measurement was carried out to
explore similarities in the behavior of the height associations and possible spatial patterns.

2.4.2. Correlation Analysis

In order to assess the relationships between field and remote variables, a bivariate
correlation process was conducted using Pearson’s linear correlation coefficient [55] as
correlation indicator. Two-tailed significance test was performed, flagging significant
(p < 0.05%) and highly significant (p < 0.01**) correlations. As in the exploratory analysis,
correlations (n = 16) for each association along time and correlations (n = 14) for each
date at spatial basis were calculated. The former were obtained to prove the potential of
multispectral images captured by drone-borne sensors to match the evolution of vegetation
indices with the real evolution of the associations throughout their cycle. Conversely, the
latter were calculated to test how well the spatial variability of the studied parameters
at each association and location is captured by these vegetation indices. In addition, the
spatial analysis makes it possible to investigate whether the performance and evolution of
the crop depends on the association itself or on its spatial location, which could be useful
for decision making on crop management by the farmer and is one of the premises of the
precision agriculture. The results obtained in this correlation analysis may suggest (or not)
a step forward in the application of the indices by integrating them in a predictive model.

2.4.3. Prediction Model of In Situ Agronomic Parameters along the Growing Cycle Based
on Partial Least Squares (PLS) Regression

As previously mentioned, the aim of this work is to monitor and predict the set of field-
measured variables (matrix Y), which play the role of dependent, observed or explained
variables, through the vegetation indices obtained by the drone (matrix X), which would
act as explanatory variables. To this end, after the exploratory and correlation analysis, a
PLS regression model with the following algorithm was proposed:

Step 1. It considers the X and Y matrices given by the explanatory and standardized
response variables, respectively.

Step 2. It computes a linear combination of the columns of X and Y, denoted by t;
and u1, respectively, in order to maximize the covariance, cov (1, u1).

Step 3. It computes a classical linear regression model for the explanatory and response
variables based on the value of the component ¢1, given by:

X=tpi+XiandY =t;7\ + 11

where p; and r; are the regression coefficients.

Step 4. It repeats the first step by substituting X and Y by the residual matrices X
e Y1. Analogously, we obtain two new components ¢, and u5, as linear combinations of
the columns of X and Yj, respectively, which maximize the covariance, cov (¢, up). It
computes again a linear regression model:

X; =tph+Xpand Y = trrb + Yo
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where X and Y can be expressed recursively by the components ¢; and ¢,
X =tpl +tph+ Xpand Y = 7l + b + Y5

where X and Y can be expressed recursively by the components t; and t;,
X =tHpl+hph+Xoand Y = trl + torb + Vs

Step 5. It repeats this process until no significant improvement is seen in the explana-
tion of Y. The algorithm ensures orthogonal components—uncorrelated—which are linear
combinations of X.

Step 6. From the expression of Y as a function of the selected & components, ¢4, ..., t,
it can be easily computed the PLS regression equations of any response variable based on
the explanatory variables.

The criteria of selecting the number of components, /1, is based in the so-called Leave-
One-Out Cross Validation (LOOCV) scheme. A single sample is deleted from the calibration
set, developing a model with the remaining ones and predicting for the single left-out
sample. The process is repeated as many times as samples and the squared prediction
errors are summed up. This leads to the computation of the Predicted Residual Sum of
Squares (PRESS) for the kt;, response variable as a function of model dimensionality, PRESS
(k,h). Based on PRESS (k,h) the predicted R-squared is computed, R?(k, k). Finally, the
mean predicted R-squared, R? (h), is computed as the average of R?(k, 1) for all response
variables. Also PRESS (/) can be computed as the sum of PRESS (k, ). In this model, a
R? (h) plot is used to draw conclusions. The best number of components is the one that
maximize the overall mean predicted R-squared. Using the parsimony principle, if the
RZ (h) plot does not exhibit abrupt changes it will be chosen the model having a fewer
number of parameters.

Although all the crop associations are compositionally different, the fact that all of
them are formed by leguminous species in combination with winter cereal species means
that they all have very similar behaviors throughout their growth cycles. On this premise,
from an analytical point of view, it seems more suitable to consider the eight associations
as a whole sample of the same population (n = 112), rather than treating them individually
(n = 14). Advantages of this consideration imply a simplification in the understanding of
the results and a better predictive capacity of the PLS regression model. This assumption
was assessed by the results drawn from the exploratory analysis.

All the statistical processing was conducted using IBM-SPSS Statistics 26 software
(IBM, Chicago, IL, USA).

3. Results and Discussion
3.1. Spatio-Temporal Patterns

In Appendix A, Figure Al shows the field estimations and the vegetation indices for
the associations on each date of study, whereas Figure A2 shows their temporal evolutions.

3.1.1. Field Measurements

Figure Al suggested that, as the crop cycle progressed, the values of all field measure-
ments increased progressively on the ordinate axis, until they begun to decrease again as
far as the forages approached their maturity point for harvesting. Besides, the associations
containing vetch as legume (left side of the figures) showed greater adaptability to edapho-
climatic conditions and, therefore, higher biomass production. Cereal production prevailed
over legume production in both cases, which was consistent with the results of other
studies [56]. These results are in agreement with those shown graphically in Figure Al and
with those reported by Roberts et al. [57]. On the contrary, the PWC resulted essentially
similar for all associations. Therefore, it could be concluded that for an equal consume of
water (PWC) in all associations, the vetch-based associations reached considerably higher
amounts of plant biomass. This could be of interest to farmers, who seek the highest forage
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reap while meeting a minimum supply. This result was also supported by the FVC and
LAI results, where the vetch associations showed higher canopy coverage and leaf area.
This fact is due to the greater tolerance of vetch to the high shading conditions inherent
to the cereal-legume polyculture system [58]. Furthermore, it is also relevant the greater
susceptibility of pea to attack by bacterial pathogens (Pseudomonas syringae pv. pisi) in high
humidity or waterlogged soils [57], as occurred at some stages of the cycle in the PR and
PO fields (f.1 in Figure A1). Those fields are located in the lower area of the plot (DEM in
Figure 1), prone to become waterlogged.

These results agree well with the analysis of the temporal curve of each association
(Figure A2), since higher values of plant biomass were observed in the vetch associations
(Figure A2a—d) than in the pea associations, with the greatest differences occurring on
dates close to harvest. However, the water consuming remained equal in all associations,
as detected in the previous analysis. Additionally, the temporal evolution of the different
associations showed a similar growth pattern for all the field parameters studied (except
PWC, and to a lesser extent, the FVC), with all the associations showing a plateau-shaped
curve [59], typical of the cycle of rainfed crops.

The box plot of the in situ estimations for each association (Figure 3) confirmed the results
of the descriptive analysis of Figures A1 and A2. Although the range of those parameters was
mainly similar for the eight crop associations, it was detected that the mean values of VBT,
VT, VR and VO were slightly higher than those of PBT, PT, PR and PO.

por| L1} [ rer| IR o) | O )
po | — R — Po | ro | — N —
g PR z PR| —] B z PR
g 7| g 7| — A — g rr|
<vw| — 2 vo <w| —J
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PWC (%) LAI (m¥/m?) FVC (%)

Figure 3. Box-Whisker plots of the in situ parameters for each association. (a) FB: fresh biomass, (b) DB: dry biomass,

(c) VWC: vegetation water content, (d) PWT: percentage of water content, (e) LAIL leaf area index and (f) FVC: fraction

of vegetation cover; PBT: pea-barley-triticale, PO: pea-oats, PR: pea-rye, PT: pea-triticale, VBT: vetch-barley-triticale, VO:

vetch-oats, VR: vetch-rye and VT: vetch-triticale. Mean values are indicated by a red asterisk.

3.1.2. Spectral Indices

The spectral indices followed a similar pattern, i.e., differences between vetch/pea
associations were found in all dates, with higher index values for the first ones (Figure Al).
In addition, the temporal evolution of the indices (Figure A2) corroborated the temporal
behaviour of the field estimations, with a similar plateau-shape, except for the case of the
red edge versions.

Based on the analysis of the temporal evolution of each index for the eight associa-
tions (Figure A2), it was found that the indices that better followed the different biomass
production, VWC and LAI along time seemed to be Gr, NDVI and GRVI. The same above-
mentioned plateau-shape is evident in them (Figure 3). Hence, it can be expected a plausible
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way to monitor the associations behaviour through the vegetation indices, as it was ex-
plored in next sections. Interestingly, the RGB-based indices showed a similar potential to
follow the temporal evolution of plants than the NDVI, even though their dynamic range
is smaller (Figure 4), as also found in other applications [60], because the difference in
reflectance between the green and red bands for vegetation and soil is small compared with
that between near-infrared and red bands [61]. Particularly, the Gr maps (Figure 5) at the
tillering (Figure 5a), heading (Figure 5b) and senescence (Figure 5c) followed the expected
behaviour of the growing cycle. On the contrary, the three indices based in the red-edge
region exhibited a plain temporal evolution (Figure A2) and notably smaller differences

between vetch/pea associations.

a)

Unitless

b)

Unitless

c)

Unitless

Figure 4. Temporal evolution of (a) Gr, (b) NDVI and (c) GRVI for the eight associations.
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Greenness

0.77 1-vBT 2-VT 3-VR 4-VO
006 5-PBT 6-PT 7-PR 8-PO

Greenness 0.77 1.VBT 2-VT 3-VR 4-VO
B o.06 5-PBT 6-PT 7-PR 8-PO

Greenness 0.77 1.VBT 2-VT 3-VR 4-VO
B 0.06 5-PBT 6-PT 7-PR 8-PO

Figure 5. Temporal evolution of Gr index in three growing cycle points: (a) 26 February 2020, (b) 2 May 2020 and (c) 5 May
20. VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale,
PR: pea-rye and PO: pea-oats.

To correctly interpret the proposed indices, it should be noted that low values of the
vegetation-related indices such as GRVI (even negative, in this case), NDVI and Gr indicate
limited vegetation activity. On the contrary, when the red-edge band replaces the red one
in the GRVI_redge and Gr_redge versions, the lower the index, the greater the plant vigor,
as it is expected a higher reflectance of the red-edge band than in the red one for healthy
vegetation (Table 2).

3.2. Correlation Analysis

When the dates were analyzed separately (Table A1), the correlations were better on
the central dates of the cycle (14 April and 2 May), coinciding with the maxima of the
growing cycle. This suggested that the observations at the booting and the flowering stages
were the best suited to better characterize the state of different associations or crops, as also
found in [62]. The best suited indices were NDVI, Gr and GRVI.

Although there seemed to be a clear pattern that distinguishes vetch from pea in the
previous exploratory analysis, the correlations at association level did not produce such a
difference (Table A2), since no remarkable differences in the correlation values were found
along associations. However, it should be noted that the Pearson coefficient seeks for a
similar behavior, ignoring the absolute values. Thus, it would be inferred that the temporal
behavior was similar between associations (as already seen in Figure A2), even though the
higher vetch yields.

Since the associations are a mix of different plants, all of them with different growing
characteristics (e.g., different foliage, height and density), the vegetation indices did not
reach saturation, which typically occurs for dense vegetation coverages of single canopies
with the remotely sensed NDVI [35,63], and it was also observed for the UAV-based GRVI
for biomass greater than 150 g/ m? in corn and soybean [61] and in wheat [62]. In such
scenarios, the correlation declines due to the saturation of the index at some point, which
is not the case here. This fact may explain the higher correlation as regard of other similar
works on drone vegetation indices for monitoring individual plant species [49,50]. In addi-
tion, removing the influence of lighting changes and solar reflection angle is particularly
necessary for the RGB images [51,64], used here to calculate the indices. The sun-downlight
correction and the reflectance calibration applied to the Micasense images could have been
improved the results of correlation, as regards of other similar research in which RGB
indices were correlated with biomass and LAI [49].

As regard of the associations, the worst characterized was PO, while the best was VO
(Table A2). The most difficult parameter to monitor was FVC. The indices that correlated
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best with the temporal evolution were NDVI, Gr and GRVI. On the contrary, the indices
based in the red-edge band did not perform well and also had a negative correlation due to
their inverse behavior, which makes their interpretation difficult. However, other studies
have revealed the red-edge NDVI as a good indicator of Nitrogen level over rice fields [65]
as well as other chemical parameters of corn [66]. The relationship of the red-edge indices
with other different parameters as the chlorophyll content will be explored in further
research in the same area. In this work, the bad results of the red edge-based indices
to depict structural parameters such as LAI and biomass could be due to an inadequate
replacement of the red band for the red edge one in the indices formulation, especially in
the Gr_redge and GRVI_edge cases. The higher reflectance of the red edge band than that
of the green one for vigorous plants led to unwanted results in their calculation (Table 2).

Correlations were very strong and significant for each association throughout their
growing cycle (Table A2), suggesting that the evolution of the associations would be
monitored from the spectral indices. These high correlations invited an attempt at more
complex statistical modeling to predict plant behavior based on the indices, as done in the
next section.

3.3. Modeling and Prediction of the Associations Behaviour PLS Regression

An attempt to model the associations time evolution was carried out by means of a PLS
regression. The PLS-regression model is one of the least restrictive of all classical multivariate
regression models. Due to this fact, it can be used to predict in situations where other models
are limited. In particular, it is appropriated when there are fewer observations than predictor
variables, which is a common situation in drone applications, where the image analysis
affords a large set of predictor variables whereas the ground observations to fit the models are
usually scarce. Several examples of these PLS regression predictive applications in precision
agriculture can be found in Nguyen et al. [67], Abdel-Rahman et al. [68] and more recently in
Kawamura [69], Erler et al. [70] and Helfer et al. [31].

In the same way, our final aim was to predict the field parameters at any time of the
growing cycle with the sole input of the vegetation indices. To test this objective, and to
account for the previous exploratory results, three variants of the PLS analysis were proposed,
i.e., a global one considering all the associations as a whole, and another two PLS for the
associations based in vetch (VBT, VT, VR and VO) and in pea (PBT, PT, PR and PO).

3.3.1. Global PLS Analysis for All Associations as a Whole

The first PLS regression used data from all crop associations treated simultaneously.
Table 3 shows X (vegetation indices of all associations) and Y (field measurements of all
associations) capability to capture the relevant information, expressed as % of variance,
with the subsequent mean predicted value R? depending on the number of extracted
components by the PLS regression model. In view of these results, a regression model
based solely on the first four components was constructed. Firstly, because the predictive
value R? remains nearly stable from the fourth component onwards. Besides, a greater
number of components would lead to a model with more parameters and complexity while
similar predictive capacity. With four components the model was able to explain 99.67% of
the variability of the explanatory variables and 57.75% of the variability of the response
variables. It was noteworthy that the first component explained a higher percentage of
the variability of X and, with just two components, more than 90% of this variability was
explained. The mean predictive capacity (R?) after the LOOCV was 53.38%. In other words,
the six explanatory variables provided by the multispectral images captured by the drone
were sufficient to predict more than 50% of the field parameters. However, a model with
a single component also provided significant levels of prediction (R* = 42.50). Hence,
some redundancy between the vegetation indices (the explanatory variables) was detected.
This is not surprising, since the vegetation indices formulation (Table 2) was based in a
combination of the same bands in the VNIR spectra. Far for being a problem, this result
afforded two main advantages of our hypothesis: (1) PLS regression was able to deal with
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multicollinearity in data and eliminate the less important or redundant variables, as also
found in Zhou et al. [29], and (2) a single combination of VNIR bands, or even visible
bands solely, was able to feed the regression model, leading to a successful prediction of
the agronomic parameters.

Table 3. Capability of explanatory (X) and response variables (Y) of VBT, VT, VR, VO, PBT, PT, PR and PO associations to
capture % of variance depending on the number of components. Predictive potential expressed as R2.

Component (h) % Variance % Accumulated % Variance % Accumulated Mean Predicted
X X Y Y R?
1 69.94 69.94 44.43 44.44 42.50
2 22.09 92.03 7.01 51.45 48.74
3 7.13 99.16 2.07 53.52 4997
4 0.51 99.67 4.23 57.75 53.38
5 0.32 99.99 0.34 58.09 53.06
6 0.01 100.00 1.13 59.22 52.83

VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.

Table 4 shows the predictive capacity of the global PLS analysis with four compo-
nents for each of the response variables, and Figure 5 shows the plots of observed vs.
predicted values for each of the six response variables of all associations considering a
four-component model. Overall, a strong dependency relationship was detected between
the explanatory and observed variables, with a remarkable predictive capacity for LAI
(R? = 57.79), FB (R? = 62.63), DB (R? = 67.07), VWC (R? = 57.32) and PWC (R? = 47.34).
The relationship seemed to be linear in all cases (Figure 6) excepting for FVC, in which the
prediction (R? = 28.54) was notably lower than for the rest of the variables and with no
evident linear relationship (Figure 6f).

In similar research [29] it was proven that the PLS performed better under linearity
conditions and with a number of predictor variables equal or greater than the number
of predicted variables, as it was the case here. For no linear relationships, the SVM was
preferred [71,72].

3.3.2. PLS Analysis for the Vetch-Based Associations (VBT, VI, VR and VO)

Table 5 shows the percentage of variance retained by the explanatory variables (X)
and by the response variables (Y). In this case, the regression model was based on the first
three components, and was able to explain 99.28% of the variability of the explanatory
variables and 54.08% of the variability of the response variables. The mean predictive
capacity (R?) after the LOOCV was 46.42%. This R? value was slightly lower than that
obtained in the global analysis (53.38%), probably due to its smaller amount of data.

The predictive capacity of the PLS analysis for each response variable for three com-
ponents (Table 6) was lower than in the global analysis in terms of the predicted R?. Again,
FVC was the worst predicted, this time with a clearly worse R? of 9.50. This bad result is
difficult to interpret, since LAl and FB, typically related with FVC [38], reached good perfor-
mances both in the correlation analysis and in their prediction capability. Two explanations
may arise. Firstly, the time-lag found between the FVC curve and the rest of parameters
and indices (occurring at five out of the height associations, see Figure A2), coinciding with
the findings of Sanchez et al. [38] for grass coverages. Second, the methodology to estimate
the FVC from the classification of zenithal photographs may be questionable when the
canopy is a mix of species with different coloration, as found by Calera et al. [43].
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Table 4. Predictive capacity of the PLS analysis for each of the response variables of VBT, VT, VR,

VO, PBT, PT, PR and PO associations for four components.

Explanatory Mean Predicted

Variable R? PRESS R?
FB (g/m?) 65.75 22,520.30 62.23
DB (g/m?) 70.40 2017.47 67.07
VWC (g/m?) 61.12 12,493.50 57.32
PWC (%) 52.47 31.23 47.34
LAI (m2/m?) 62.02 0.02 57.79
FVC (%) 34.77 133.34 28.54

FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC: percentage of water content, LAI: leaf
area index, FCV: fraction of vegetation cover, VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO:
vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.
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Figure 6. Observed vs. predicted values for the six response variables of VBT, VT, VR, VO, PBT, PT, PR and PO associations
in a four-component model. (a) FB: fresh biomass, (b) DB: dry biomass, (¢) VWC: vegetation water content, (d) PWC:
percentage of water content, (e) LAI: leaf area index and (f) FCV: fraction of vegetation cover. VBT: vetch-barley-triticale,
VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.

Table 5. Capability of explanatory (X) and response variables (Y) of VBT, VT, VR and VO associations to capture % of
variance depending on the number of components. Predictive potential expressed as R2.

Component (h) % Variance % Accumulated % Variance % Accumulated Mean Predicted
X X Y Y R?
1 76.03 76.03 44.15 44.15 40.81
2 12.58 88.61 8.29 52.45 45.97
3 10.67 99.28 1.63 54.08 46.42
4 0.51 99.89 2.10 56.18 46.37
5 0.18 99.98 0.63 56.82 45.74
6 0.02 100.00 3.18 60.01 47.85

VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye and VO: vetch-oats.



Agronomy 2021, 11, 1697 14 of 22

Table 6. Predictive capacity of the PLS analysis for each of the response variables of VBT, VT, VR and
VO associations for three components.

Explanatory Mean Predicted

Variable R? PRESS R?
FB (g/m?) 62.65 31,210.60 56.77
DB (g/m?) 67.90 2590.51 62.71
VWC (g/m?) 58.26 17,213.00 51.74
PWC (%) 49.11 22.17 38.90
LAI (m2/m?) 64.09 0.03 58.86
FVC (%) 22.49 81.60 9.50

FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC: percentage of water content, LAI: leaf
area index and FCV: fraction of vegetation cover, VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye and
VO: vetch-oats.

3.3.3. PLS Analysis for the Pea-Based Associations (PBT, PT, PR and PO)

Although the results in Table 7 were similar to those obtained in the previous scenario
with the vetch associations, two slight differences should be noted: on the one hand, the
variability of X was better distributed between the first and second components (92.14% vs.
88.61%) and, on the other hand, a four-component model, just like in the global analysis,
could be chosen in this case, because the mean predicted R? increased slightly between the
third (R? = 44.92) and fourth (R? = 48.62) components.

Table 7. Capability of explanatory (X) and response variables (Y) of PBT, PT, PR and PO associations to capture % of
variance depending on the number of components. Predictive potential expressed as R?.

Component (h) % Variance % Accumulated % Variance % Accumulated Mean Predicted
X X Y Y R?
1 54.70 54.70 41.70 41.70 37.02
2 37.43 92.14 8.10 49.81 44.29
3 6.86 99.01 1.83 51.65 4492
4 0.82 99.8 5.81 57.46 48.62
5 0.15 99.99 1.65 59.11 48.97
6 0.01 100.000 3.70 62.82 49.80

PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.

As in the previous case, the prediction model for the FVC variable showed the lowest
R? (Table 8). On the other hand, the PWC variable was now notably better explained
(R? = 59.36 vs. R? = 38.90). As in the vetch model, the mean predictive R? value is slightly
lower than that obtained in the global analyses (48.62% vs. 53.38%).

Table 8. Predictive capacity of the PLS analysis for each of the response variables of PBT, PT, PR and
PO associations for four components.

Explanatory Mean Predicted

Variable R? PRESS R?
FB (g/m?) 62.19 16,471.20 54.89
DB (g/m?) 69.70 1802.05 63.16
VWC (g/m?) 54.96 8598.87 46.65
PWC (%) 66.10 30.90 59.36
LAI (m2/m?) 58.21 0.02 48.68
FVC (%) 33.61 101.64 18.99

FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC: percentage of water content, LAI: leaf
area index, FCV: fraction of vegetation cover, PBT: pea-barley-triticale, PT: pea-triticale, PR: pea-rye and PO: pea-oats.
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4. Conclusions

Camera-based VNIR vegetation indices on board UAVs platforms could offer an effective
and affordable alternative to field-consuming, destructive sampling to monitor crops. This
methodology, together with the support of statistical modeling techniques have shown a high
capability of monitoring and predicting the behavior of height forage associations.

The exploratory analysis, together with the correlation analysis, exhibited a strong
relationship between the spectral indices and the field estimations, suggesting a further
prediction model. Owing the linearity found in these relationships, a simple regressive
prediction model (PLS) was proposed.

The vetch-based and the pea-based associations showed a different behavior both at
the field and image estimations. While the water consuming was similar for both, biomass
production was higher for the first, which may be a useful result for farmers seeking the
highest forage production. Interestingly, the spectral indices were also able to detect this
behavior, offering an alternative way to evaluate both the production and the use of water
of their crops.

Using a reduced number of multispectral observations (in the form of vegetation
indices) and applying the PLS model, we were able to predict agronomic parameters of
forage crop associations at any time of their cycle with a reliability of more than 50%. In fact,
six indices were integrated in the model, but it was sown that they provided redundant
information. Therefore, they could have been reduced by half, since the red edge-based
indices were not satisfactory in the exploratory and correlation analysis. An alternative use
of the red edge indices should be explored in further research, both in their formulation and
in their relationships with other observed parameters, such chlorophyll. On the contrary,
the indices Gr and GVRI, based in the green and red bands, correlated well with the field
parameters and revealed a similar capacity to predict the temporal behaviour than the
NDVI, with the advantage of being easier to acquire through the RGB cameras, typically
onboard UAVs.

Overall, a strong, linear dependency relationship was detected between the explana-
tory and the observed variables, with a remarkable predictive capacity. This predictive
capacity could be refined avoiding the redundant information while adding new explana-
tory variables such as other vegetation indices. In addition, other parameters such as yield
and chlorophyll content will be explored in the future.
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Figure A1l. Field estimations and spectral indices for the associations at each of the seven measurement dates. Letter
(a) correspond to 4 February 2020, (b) to 26 February 2020, (c) to 26 March 2020, (d) to 14 April 2020, (e) to 2 May 2020, (f) to
17 May 2020 and (g) to 29 May 2020. FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC: percentage
of water content, VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT:
pea-triticale, PR: pea-rye and PO: pea-oats. Subfigure 1 show, FB, DB, VWC and PWC, Subfigure 2 show FVC and LAI and

Subfigure 3 show the vegetation indices.
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Figure A2. Temporal evolution of field measurements and spectral indices for the eight associations.
Letter (a) correspond to vetch-barley-triticale (VBT), (b) to vetch-triticale (VT), (c) to vetch-rye (VR),
(d) to vetch-oats (VO), (e) to pea-barley-triticale (PBT), (f) to pea-triticale (PT), (g) to pea-rye (PR)
and (h) to pea-oats (PO). FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC:
percentage of water content. Subfigure 1 show, FB, DB, VWC and PWC, Subfigure 2 show FVC and
LAI and Subfigure 3 show the vegetation indices.
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Appendix B

Table A1. Correlations (1 = 16) at each date between field measurements and spectral indices of the eight associations in a whole (Pearson Correlation Coefficient).

Meas. Date Parameter FB DB VWC PWC FCV LAI Meas. Date Parameter FB DB VWC PWC FCV LAI
Gr 0.244 0.275 0.232 —0.204 0.374 0.265 Gr 0173 0.190 0.168 0.036 0.039 0.010
Grredge = —0587* —0533* —0597* —0.111  —0.027 = —0594* Grredge  —0.618* [ =0.638* —00610* —0360 | =0715%  =0.642%
4 February 2020 GRVI 0.383 0.402 0.373 ~0.172 0.316 0385 ¢ February 200 GRVI 0.288 0.311 0.281 0.104 0.133 0.108
GRVILredge =~ —0566* —0530* —0570*  —0.026  —0174  —0593* GRVI_redge [E0/6417 1 =0/664% 1 =0633% 1 —0361 [I=0716%11=0:635"
NDVI 0512*  0512*  0506*  —0.118 0.294 0.555 * NDVI 0591*  0.619* 0.582 * 0.330 0.594 * 0.497
NDVI_redge  0.475 0.498 * 0.463 —0.209 0.303 0.577 * NDVI_redge  0.428 0.461 0.419 0.300 0.399
Gr 0.399 0.330 0415 0.231 0587 % 0.309 Gr
Grredge  —0400  —0292  —0430  —039%  —0597*  —0.389 Grredge  —0446  —0426  —0.440
GRVI 0.401 0.334 0417 0.226 0578 * 0.308 A GRVI
26March 2020 GRyT redge  —0407  -0307 0434 —0366  —0621* 0377  AAPHI2020 Ryl edge  —0548%  —0530*  —0538*  -0358
NDVI 0.459 0.390 0.475 0.253 0.340 NDVI [ 0:836*  0782* 0830  0616*
NDVI_redge 0.573* 0.239 0.402 NDVI_redge  0.594* 0560 * 0.588 * 0376  0.809 **
Gr 0.606 * 0.566 * 0.585 * 0434 0.573 * 0.572 % Gr [ 0635% @ 0528* [ 0662 | 0610* 0.518*
Gr_redge —0.584* Grredge ~ —0302  —0.195 —0336  —0545*  —0483  —0.460
GRVI 0.606*  0576*  0581* 0.429 0553*  0.580* GRVI  [0742% 10639 0766 0.643* 0504 *
2May2020 GRVI_redge —0.591* 17May2020 GRVI redge ~ ~0297 0194 0329  —0517* 0463 0452
NDVI 0.617 * NDVI 0.597 * 0.499 * 0.622* [0:628% © 0459 0.608 *
NDVI_redge 0.563 * 0.608 * NDVI_redge  0.501* 0.457 0.508 * 0514 * 0.396 0.513 *
Gr 0524* 0314
Gr_redge 0.382 0.143 —0.075
GRVI 0523 * 0.582 * 0.332
2IMay 2020 GRVI redge  0.187 —0.032 0.263 0.521* 0.021 —0.180
NDVI 0.582* 0.478 0.584 * 0400 [NOBIZ# 0342
NDVI_redge  0.266 0.221 0.267 0.234 0.585 * 0.172

** Correlation is significant at the 0.01 level (2-tailed) (Light grey), * Correlation is significant at the 0.05 level (2-tailed) (Dark grey). FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC:
percentage of water content, FCV: fraction of vegetation cover, LAIL leaf area index, VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR:
pea-rye and PO: pea-oats.
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Table A2. Correlations at each association (1 = 14) between field measurements and spectral indices along the whole growing cycle (Pearson Correlation Coefficient).

Assoc. Parameter FB DB VWC PWC FVC LAI Assoc. Parameter FB DB VWC PWC FVC LAI
Gr 0637  —0.203 0.426 0.643 * Gr 0.656 * —0.320 0474 0.652 *
Gr_redge  —0537* —0530  —0.530 0.245 —0481  —0.553* Gr_redge —0.395  —0448  —0.352 —0491  —0.256
GRVI 0573*  0555*  0570*  —0.003 0.456 0.587 * GRVI 0.548 * 0.483 0579*  —0.075 0.297 0.481
VBT GRVIredge —0.590* —0605* —0573* 0325 0497 —0587* BT GRVLredge 0523 =~ —0562* —0.486 0.604% 0387
NDVI 0.638*  —0423  0560*  0593* NDVI 0.522
NDVI_redge  0.496 0.585 * 0452  —0585* 0392 0.254 NDVI_redge  0.427 0.425 0.419 0.278
Gr —0.237 0.165 Gr 0.520
Gr_redge —0422 0479  —0.397 0.494 —0216  —0.459 Gr_redge —-0366  —0460  —0.303 -0191  —0.409
GRVI —0.104 0.112 GRVI 0.637 * 0415 0.608 *
VT GRVLredge 0481 —0535* 0456 0.504 —0231  —0515 PT  GRVLredge 0504 —0580*  —0.448 ~0.323  —0.526
NDVI 0584*  0621*  0565*  —0.507 0.185 0.595 * NDVI 0.578 *
NDVI_redge 0213 0.234 0203  —0.634*  0.078 0.152 NDVI_redge 0.569 *
Gr 0.660 * 0.645 * Gr 0.579 * 0.331
Gr_redge ~ —0550* —0580*  —0.532 Gr_redge —0368  —0452  —0.299 —0195  —0.279
GRVI 0.654 * 0.636 * 0.061 0.658 * GRVI 0.530 0.373 0.609 * 0.247 0.186 0.398
VR GRVLredge ~—0584* —0606% —0570* 0359  —0576* TR GRVLredge —0452 = —0536* —0.380 —0281  —0.390
NDVI 0631*  0658*  0.615% 0.199 0.589 * NDVI —0638* 0421 0.580 *
NDVI_redge  0.499 0.519 0.486 NDVI_redge  0.438 0.492 0384  —0.644* 0275 0.323
Gr Gr 0653* [ 0.704%  0586*  —0.028  0613*  0.641*
Gr_redge Gr_redge 0.156 —0.020 0.231 —0.214 0.065
VO GRVI PO GRVI 0548*  0.537* 0.518 0.193 0.435 0.537 *
GRVI_redge GRVI_redge  —0.086 —0.279 0.012 —0.445 —0.164
NDVI NDVI 0.413 0.532 0.329 —0508  0.569 * 0.429
NDVI_redge ~ 0.603 * NDVI_redge  0.062 0.064 0.058 —0.454 0.077 —0.034

** Correlation is significant at the 0.01 level (2-tailed) (Light grey), * Correlation is significant at the 0.05 level (2-tailed) (Dark grey). FB: fresh biomass, DB: dry biomass, VWC: vegetation water content, PWC:
percentage of water content, FCV: fraction of vegetation cover, LAL leaf area index, VBT: vetch-barley-triticale, VT: vetch-triticale, VR: vetch-rye, VO: vetch-oats, PBT: pea-barley-triticale, PT: pea-triticale, PR:

pea-rye and PO: pea-oats.
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