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Abstract: One of the challenges of sugarcane breeding programs is the initial selection of genotypes aimed at developing varieties. Following the
hybridization of genitors and family production, the process generally consists of selecting the best families and individuals within those families.
Furthermore, the traditional selection model based on experimental designs assumes that the experimental field is well-prepared and homogeneous
within blocks. If the allocation of blocks is incorrect, the ordering of families will be compromised, directly impacting the selection process and
the program's success. Researchers seek quick, non-destructive alternatives to contribute to a less biased family selection process. These
alternatives include modeling and statistical analysis or alternative data collection through images by unmanned aerial vehicles. This work proposes
adjusting the ranking of sugarcane families by incorporating soil attributes in the statistical model and evaluating how some vegetation indices
(VI) derived from the visible spectrum are associated with sugarcane yield (TSH). The experiment consisted of 60 families in a randomized
complete block design with four replications. We also collected 36 soil samples and aerial images. The construction of the field map based on soil
attributes and geostatistics indicated that the spatial position of the experimental blocks was incorrect. The correction implemented in this work
allowed the ranking of families without the influence of the systematic variation in soil attributes. Additionally, the VI used showed a linear
association with TSH, indicating the possibility of using aerial images to select or discard families in the initial stages of a breeding program.
Keywords: RGB; plant selection; vegetation indices; geostatistics; early selection.

1. Introduction

Brazil is the world's largest producer of sugarcane, with a planting area estimated at approximately 8.5 million hectares, and is
also one of the world leaders in sugar and ethanol production, according to data from the third harvest survey 2023/24 (CONAB,
2023). Because of the search for sustainable energy sources, ethanol fuel derived from sugarcane is considered one of the primary
renewable and clean energy sources (Canabarro et al., 2023), which makes Brazil a global reference in fuel production (Paiva et al.,
2021). Therefore, there is great interest in developing new sugarcane cultivars with greater productivity and richness in sucrose, the
raw material for the manufacture of ethanol (Yang et al., 2019).

In this context, genetic improvement programs play a fundamental role in developing new cultivars and methodologies for the
more efficient selection of genotypes. The selection of the first genotypes begins by screening the families and then separating the
superior genotypes within the best families since the heritability of family characteristics is greater than in individual plants (Moreira
and Peternelli, 2015).

Improvements in the statistical methodology for selecting individuals are always an issue. In this sense, information from the
soil can contribute to the quality of this process since soil fertility expresses the capacity to supply essential nutrients for crop
development and, therefore, the families' performance knowledge of these attributes is fundamental for implementing field
experiments so that soil characteristics can be used as a correction factor for experimental models (Dalchiavon et al., 2017).

The traditional selection model is based on a randomized block design (Ferreira et al., 2022), where only the effects of repetition
and individual genotypes or families are considered, thus ignoring other possible systematic factors, such as soil information.
However, these factors can be crucial in modeling the adjustment of main effects, such as the averages of the families under
evaluation. One way to incorporate such information is to use soil characteristics as covariates in the experimental design model
(Dalchiavon et al., 2017). Including these covariates in the statistical model can be understood as a combination of ANOVA and
regression analysis, allowing the covariates to correct for the response variable so that families can be further classified (Rencher
and Schaalje, 2008).

Another aspect of great interest is the use of aerial image data associated with individual selection characteristics. Using
unmanned aerial vehicles (UAVs) with onboard sensors makes obtaining this data fast, efficient, and flexible (Yang et al., 2017).
Information from aerial images in the agricultural context can help reduce labor and input use by digitizing large areas quickly and
allowing for vegetation indices to be obtained that can be linked to valuable agronomic traits and serve as auxiliary variables for
decision-making (Araus and Cairns, 2014). This situation may happen frequently in the case of sugarcane when, after ordering the
families, the researcher needs to quickly decide whether a family or clone should be selected or discarded (Brasileiro et al., 2015).
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Several vegetation indices are created for specific purposes (Barbosa et al., 2019). In particular, the indices VARI (Visible
Atmospherically Resistant Index), GLI (Green Leaf Index), and NGRDI (Normalized Green Red Difference Index) are often found
in plant breeding work (Barbosa et al., 2021; Ranjan et al., 2019; Volpato et al., 2021).

This work aimed to compare the traditional methodological analysis for ranking sugarcane families with the methodology of
incorporating soil variables into the design model, using geostatistics techniques to correct the ranking and better select families in
the initial stage of genetic breeding programs. Additionally, we will evaluate how vegetation indices obtained from RGB images
relate to productivity.

2. Materials and Methods

2.1. Experimental data

The experiment was conducted at the Sugarcane Research and Improvement Center (CECA) at the Federal University of Vigosa
(UFV), located in the municipality of Oratorios, MG (latitude 20°25' S, longitude 42°48' W and 494 m altitude). Ferreira et al.
(2022) provide a detailed description of the data's origin. Sixty full-sib families were evaluated through a randomized complete
block design (RCBD) experiment with four blocks, totaling 240 plots. Each plot comprised two 5.0 meters long furrows spaced at
1,4 m. The distance between plants in each furrow was 0,5 m, totaling 20 plants per plot. For each plot, after harvest, the variable
tons of stalks per hectare (TSH) was estimated (Ferreira et al., 2022). Figure 1 shows the position of the four blocks in the
experiment.

(a) (b) (c) (d)

Figure 1 — Layout of the experiment, with its four blocks and their plots. (a) Block 1. (b) Block 2. (c) Block 3. (d) Block 4.

2.2. Soil Attributes

To obtain attributes related to soil fertility in the experimental area, we considered 36 soil samples collected in a regular 4x9
grid at 0 - 20 cm depth on 08/21/2019 after fully harvesting the experiment and collecting the agronomic traits. The soil chemical
attributes analyzed from the samples are presented in Table 1.

Table 1 — Soil chemical variables' respective acronyms and measurement units/scale.

Variable Acronym Unit of measurement
Hydrogen potential pH 0-14
Phosphor P mg/dm?
Potassium K mg/dm?
Magnesium Mg cmole/dm?®
Calcium Ca cmolc/dm?
Aluminium Al cmolc/dm?
Potential acidity H+Al cmolc/dm?®
Sum of bases SB cmolc/dm?
Cation exchange capacity CTC(1) cmolc/dm?
Cation exchange capacity at pH 7 CTC(T) cmolc/dm3
Aluminium saturation index m %
Base saturation index v %
http://dx.doi.org/10.5380/rsa.v20i1.95404 2
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2.3. Imaging

The RGB images that originated the orthomosaics were obtained from a flight of an RPA (Remotely Piloted Aircraft) UAV,
model Phantom 4 from the DJI brand, with four rotors and equipped with an RGB camera, whose FC330 sensor has a resolution of
12 megapixels, focal length equal to 3.61 mm, 1.56 x 1.56 um pixel, and CMOS sensor. The flight occurred on 03/15/2019, after
12 months of transplanting the plants into the experimental area and when they were fully developed. The following flight
parameters were adopted: height of 60 meters; 425 images collected; 2 seconds interval between photographs; Ground Sample
Distance (GSD) of 1.58 cm; flight started at 11:30 am. The photographic device was fixed on a 3-axis stabilizing platform, enabling
rotation, stability, and independent movement of the UAV. The camera movement angle was from 0° to -90° for panoramic or nadir
photography (Fonseca Neto et al., 2018).

2.4. Statistical Analysis

Statistical analyses were performed using the software R (R Development Core Team, 2023), and ArcGIS (ESRI, 2004), version
10.2.2. To propose a correction in the ranking model of sugarcane families, we compared two models, M1 and M2. Model M1
corresponds to the usual family selection method (Ferreira et al., 2022) based on a randomized block design analysis, while in model
M2, we implemented the soil information in the design model.

2.4.1. Geostatistical procedures

To fit theoretical semivariogram models and create kriging maps (Li et al., 2022), four methods were used: ordinary least squares
(OLS), weighted least squares (WLS), maximum likelihood (ML), and restricted maximum likelihood (REML). Furthermore, three
theoretical semivariogram models were analyzed: exponential, Gaussian, and spherical. The best model was chosen from the visual
analysis of the adjustment of the theoretical model to the sampling points of the experimental semivariogram, followed by self-
validation (Pasini et al., 2021). With the kriging maps for each soil variable that showed spatial dependence, the average value of
the attributes was extracted within each of the 240 plots of the experiment, whose spatial positioning in the field was known.

2.4.2. Analysis of covariance and correction of means

A two-step analysis was performed to determine which variables showing spatial dependence would be used as covariates in the
explanatory model of the TSH response variable (Stich et al., 2008). The ANOVA residuals for the RCBD model were obtained in
the first stage. In the second stage, the residues obtained in the previous stage were used as a dependent variable and as a function
of the soil variables that showed spatial dependence. Still, in the second stage, the soil variables that significantly affected the
decomposition of residues were selected using the stepwise method. Stepwise is a widely known variable selection method used in
several works (Anshori et al., 2021; Liu et al., 2021; Sant'Anna et al., 2020; Yassein et al., 2020).

The modeling involved in the two-step selection mentioned above can be understood as follows. The initial model is given by:

Yij=u+fi+bi+g; (1)

where y;; is the value of the family i on the block j, u is the model constant, f; is the family effecti (i =1, 2, ..., 60), b; is the block
effect j (j = 1,2,3,4), g; is the residue in the family i on the block j.
To insert the effect of soil covariates, the residues ¢;; obtained in equation (1) were decomposed as:

&j = BiXijk +vij 2

where f is the regression coefficient of the covariate k (k= 1, 2, ..., p), X;ji is the value of the covariate k in the family i on the
block j, y;; is the new residues now disregarding the effect of covariates. This way, we can obtain the corrected value for each plot,
z;; doing:

zij = ¥ij — (BieXij) = 1+ fi + by + vy (€)

The term B, X; jk» represents the correction values of the TSH response variable at the plot level.

2.4.3. Vegetation indices and linear correlation
Vegetation indices generated from RGB images are obtained through algebraic expressions between the red (R), green (G), and
blue (B) bands. For this work, we have considered the indices presented in Table 2.
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Table 2 — Vegetation indices (VI) used in this study. B: blue, R: red, and G: green.

v Name Olbyective Equation Reference

VARI Visible Highlight vegetation. G —R  (GITELSON
Atmospherically mitigate the influenceof T B~ B a1 2002)
Resistant Index atmospheric effects

GLI Green Leaf Index Indicate chlorophyll, 26— R— B (LOUHAICHI

classify where there are G+R+E etal., 2013)

lrve, dead plants, and

exposed so1l

NGRDI Normalized Green Red Identify areas of G —R (TUCKER.
Difference Index vegetation and green G+ R 1979)
biomass
For each plot ij (i=1, ... ,60 families, and j =1, ... ,4 blocks) of the experiment, we obtained the values related to vegetation

indices VARI, GLI e NGRDI. From these values, the means of each index were calculated at the family level (VARI;, GLI;,
NGRDI;). With these average values and the corresponding family-level TSH averages, a graphical analysis was performed to infer
the type of association between each VI and TSH.

3. Results and discussion

Analysis of variance based on a randomized complete block design for the TSH response variable resulted in a significant family
effect (p-value < 0,01). This result indicates that there is a difference between family averages and, therefore, reinforces the idea
that any possible adjustment must be made on the residues of this first analysis (Peternelli and de Resende, 2015), as shown in
equation 2, to better compare the family averages. As the objective of this work is only to compare the ranking of families and not
to carry out tests to compare means, it was decided not to evaluate the assumptions of the analysis of variance (Rencher and
Schaalje, 2008). Any values considered outliers were also kept in the analysis, as the presence of outliers for this study can be an
important indicator, as they may be associated with some anomaly in the experimental plots, such as the death of individuals or
different environmental conditions due to variation in soil fertility.

3.1. Adjustment of the semivariogram model

From the soil samples, geostatistical analysis was carried out for the twelve soil variables (Table 1), of which ten, Al, Ca, H+Al,
Mg, P, pH, SB, t, and V, showed signs of spatial dependence (Table 3). For each of these attributes, we obtained the spatial
dependence index — SDI (Cezana et al., 2024), the adjusted model and its parameter estimates, and the method that allowed the best
adjustment of the semivariogram (Table 3). There was a predominance of moderate spatial dependence (25 < SDI < 75), indicating
that the spatial dependence was well captured and that the point sampling grid was adequate (Guimaraes, 2013).

Table 3 — Adjusted semivariogram parameters and estimation methods that describe the spatial variability of soil chemical variables that showed
spatial dependence. Identification of variables: see Table 1; Co: nugget effect; Ci: contribution; SDI: spatial dependence index; WLS: weighted
least squares; ML: maximum likelihood; and REML: restricted maximum likelihood.

Variable Ca Cy Range(m) Model SDI (%) Class Method
Al 0,06 0,086 2351  Spherical 061 Moderate WLS
Ca 0,35 0,180 2476  Spherical 034 Moderate WLS
H+Al 0,30 0,390 3201  Spherical 0,57 Moderate REML
m 6532 247410 2100  Exponential 0,79 High ML

Mg 0,006 0,018 4036  Gaussian 0,75 High WLS
P 2,00 9,250 2471  Spherical 0,82 High ML

pH 0,042 0,037 3224  Gaussian 047 Moderate WLS
SB 0,12 0,220 36,53  Gaussian 065 Moderate WLS

t 0,05 0,069 1322  Exponential 058 Moderate ML

v 2500 44460 3636  Gaussian 0,64 Moderate WLS
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3.2. Analysis of covariance and correction of means

From the selection of variables using the stepwise method, the variables m, Mg, P, pH, and SB showed greater significance in
explaining the variation in residues (equation 2), with regression coefficients equal to -0.94, -350.32, 2.16, -99.97, and 96.97
respectively. This way, the variables m, Mg, and pH penalize the values observed in the plots, while P and SB bonus the response
variable values. The selected penalizing variables seek to equalize the conditions for plant development. The map of average values
at the plot level for each selected variable was obtained through the spatial distribution of the variables m, Mg, P, pH, and SB and
interpolated by kriging (Figure 2). These maps indicate that the blocks were incorrectly defined when planning the experiment, as
they do not determine homogeneous regions for these attributes. Therefore, when ranking families using the M1 model, the response
variable may have been directly influenced by the source of systematic variation arising from these soil variables.

%
*
3
-

Figure 2 — Map of the average value of the most significant soil variables and original marking of the blocks in the experiment. (a): Aluminum,
(b): Magnesium, (c): Phosphorus, (d): Hydrogen potential, (¢): Sum of bases.

To compare the results from model M1 (based on the original design) and model M2 (based on adjustment for soil covariates),
we assume that the breeder is interested in selecting the 20% best sugarcane families that make up this study, that is, the families in
positions 1 to 12 out of the 60 families in ranking. Comparing model M1 and model M2, there was an agreement of 83,33% and,
therefore, a disagreement of approximately 16% in selecting the best families (Table 4), indicating the possibility of losing any good
families throughout the selection process.

Table 4 — Ranking of the 20% of the best families using the M1 and M2 models. M1: a model based on the adjustment of family means from
the original design; M2: a model based on family means adjustment after considering corrections due to soil variations. Families that did not
coincide in the selection from both models are in bold.

Rank 1 2 3 4 5 6 7 8 9 10 11 12
M1 289 499 285 470 497 473 219 466 514 424 539 384

M2 289 499 473 285 424 497 439 219 514 470 348 384

The divergences regarding the selection percentage of the 20% best families occurred to the sugarcane families identified by
codes 466, 539, 439, and 348, appearing in bold in Table 4. In model M1, families 466 and 539 were ranked eighth and 11%,
respectively, within the selection percentage of 20%, while families 348 and 439 occupied the 25" and 13™ positions, respectively.
On the other hand, in the ranking carried out by the M2 model, families 348 and 439 are within the selection of 20% of the best
families, being classified in 11" and 7™, respectively. In contrast, families 466 and 539 are classified in positions of 17" and 13% in
that order.

Given the incorrect implementation of the blocks in the field, one may question if the randomization of plots within each block
favored some families over others, so the location of their plots was privileged concerning the combination of soil attribute levels
at that plot. For example, aluminum's value is associated with soil toxicity (Shetty et al., 2021), while pH greatly influences crop
development (Msimbira and Smith, 2020). Phosphorus, in turn, is an essential macronutrient in plant metabolism (Lambers, 2022)
and is of great importance in crop development.

Therefore, by classification via model M1, families 466 and 539 may have been favored due to the positioning of their plots in
the field. In contrast, families 348 and 439 were disadvantaged since this model did not consider soil information. In short, as
information on soil attributes was not considered and when choosing a blocking design did not guarantee homogeneity within the
blocks, unequal conditions may occur for the evaluation of families and, consequently, a comparison with a greater possibility of
error in the selection process. Incorporating soil variables into the model allows a correction in the response variable, making it
possible to reduce discrepant conditions caused by the influence of soil variables, thus allowing a fairer comparison between
families.

It is important to comment that, in general, the installation of field experiments is carried out based on ease of execution and the
expectation that the eventual soil fertility correction process has been previously carried out correctly and homogeneously (De
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Campos et al., 2022) which does not always happen. Due to the costs of sampling and analysis, soil fertility information is not
routinely obtained in the field before the experiments' installation, making the block allocation process in the field risky and always
challenging.

Considering all 60 families evaluated, we observed that 49 families were classified in different positions (Figure 3) and
that the point cloud moves away from direct identity (a 45-degree straight line), indicating dissimilarity between the classifications.
This inconsistency in ranking the families following the analysis reinforces that the inclusion of the effects of soil variables in the
modeling can generate changes in family ranking, probably enabling better family selection if we assume the blocks are not
homogeneous. In Figure 3, families 466 and 539, possibly favored by the positions of their plots in the field, are identified in blue,
within the selection percentage of the 20% best families according to the M1 model ranking. Families 348 and 439, possibly harmed
by the M1 model, are identified by orange and are within the selection percentage based on the M2 model ranking.
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Figure 3 — Scatter diagram of family classification according to models M1 and M2. The points to the left of the blue vertical line correspond
to the 20% of families selected by the M1 model. The points below the orange horizontal line correspond to the 20% of families selected by
the M2 model. The highlighted points show the four families that did not coincide in the selection by both models, as shown in Table 4.

In genetic breeding programs, besides choosing the best crossings among genitors, selection at T1 is crucial for the continuity
of the program (Moreira et al., 2021; Peternelli et al., 2018; Verissimo et al., 2020). Therefore, when homogeneous conditions within
experimental blocks are not guaranteed, a good amount of genetic material can be wasted or wrongly selected, resulting in valuable
losses in the following breeding process.

3.3. Vegetation indices

Using the average productivity (TSH;) and the average vegetation indices (VARI;, GLI;, NGRDI,) at the family level (i =
1, ...,60), it is possible to graphically observe a positive linear association trend between the indices and the TSH (Figure 4). Pearson
correlation coefficient values (Steel and Torrie, 1980) between the variables GLI x TSH (r = 0,49), VARI x TSH (r = 0,59) e NGRDI
x TSH (r = 0,59) indicate moderate correlations (Dancey and Reidy, 2018), or can be classified as medium magnitude for GLI x
TSH, and strong for VARI x TSH ¢ NGRDI x TSH, accordingly to (Cohen, 2013).
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Figure 4 — Scatter diagrams between vegetation indices and the TSH variable. Each point corresponds to the average taken at a family level.
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It is also observed that in all graphs (Figure 4), the 10% best families selected by the M2 model are located at the upper end of
the point cloud, identified by the green color, while the 10% worse families selected by the M2 model are at the lower end of the
point cloud, identified by the color red. These results reinforce a linear association between vegetation indices (VARI, GLI, and
NGRDI) and the TSH. Khuimphukhieo et al. (2023), found significant correlations between the percentage of sucrose and the
NGRDI and VARI indices in a study using different vegetation indices to evaluate sugarcane productivity. The author concluded
that using vegetation indices obtained by UAV can be helpful in sugarcane breeding programs. Todd et al. (2022), highlight the
potential of using remote sensing methods using RGB images to evaluate sugarcane seedlings. The author carried out selection and
prediction work on characteristics related to the productivity of sugarcane seedlings using various vegetation indices, including the
NGRDL

These results highlight the potential of vegetation indices as an alternative for monitoring the production cycle and as a
characteristic for the prior selection of families (or even individuals represented by experimental plots) in cases where many families
are to be selected (initial screening) in the field. It is worth mentioning that using sensors that include the RE (red-edge) and NIR
(Near InfraRed) bands instead of exclusively RGB sensors allows the application of other vegetation indices (Araus and Cairns,
2014) and the possibility of better association results. Vasconcelos et al. (2023) obtained a predictive model for sugarcane production
using the VARI and also the NDVI vegetation indices (which include the NIR band) as explanatory variables, concluding that
vegetation indices can be reliably used to predict sugarcane productivity.

4. Conclusions

From the geostatistical analysis of soil attributes, it was possible to verify non-homogeneity within the experimental blocks,
indicating that they were incorrectly defined. In this way, the proposed model, M2, with the incorporation of soil chemical attributes,
was able to promote adjustments in the response variable, enabling the ranking of sugarcane families without the influence of the
source of systematic variation caused by the spatial dependence of the soil attributes, thus producing corrections in the ranking of
families when compared to the ranking made by the traditional M1 model. Additionally, the use of the VARI, GLI, and NGRDI
vegetation indices obtained through images in the RGB standard showed the existence of a positive linear association between each
of the indices and sugarcane productivity at the family level, demonstrating the potential for using these indices for future research
related to the prior selection of sugarcane families in the initial phases of genetic improvement programs.
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