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ABSTRACT 
 
Biotic and abiotic environmental factors during the production of bread wheat (Triticum aestivum L.) directly 
affect the yield and quality of the grain. Climatic factors are the most significant in the definition of yield, 
contributing to the greatest variability compared with genotype. This influence is also present in the quality 
characteristics that the bakery industry seeks, such as the protein content in grain and flour. These 
characteristics can be estimated during the production stage via vegetation indices. Therefore, the objective of 
this research was to identify the correlations between the vegetation indices, normalized differential vegetation 
index (NDVI) and green leaf index (GLI) with the total protein content, as well as with the yield components and 
characteristics of bakery and industrial quality, in flour wheat genotypes under different irrigation conditions. 
The NDVI was estimated each week during the grain filling period. To obtain the GLI, orthophotos were 
constructed from scheduled flights with an unmanned aerial vehicle (UAV) during the same period. Twenty-
four genotypes of bread wheat were evaluated, of which 18 were commercial varieties and 6 were 
experimental lines, under four irrigation treatments: 0-55, 0-45-75, 0-45-75-100 and 0-35-75-85-105 d after 
sowing. The results revealed a significant positive correlation between the grain protein content and the NDVI 
and a highly significant correlation with the GLI. This correlation was more evident under contrasting irrigation 
conditions. Therefore, the GLI index obtained at the grain-filling stage can be used as a predictive tool to 
estimate the protein content in harvested grains. 
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INTRODUCTION 
 
Wheat (Triticum aestivum L.) is one of the three main cereals produced worldwide, along with corn and rice, 
which makes it a key food crop (Wrigley and Nirmal, 2017). The FAO’s preliminary forecast for world wheat 
production for 2024 is 797 million tons. However, the harvest of the new commercial cycle has been affected 
by various climatic conditions in some of the main producing countries, for which it is estimated that the 
production of cereal will experience a slight decrease of 7.5 Mt, reaching 782.0 Mt for the 2023-2024 cycle 
(USDA, 2024). 

However, wheat is considered good baking quality because it has properties that allow it to produce 
desirable bread according to industry and/or consumer criteria (Wysocka et al., 2024). For this purpose, the 
bakery industry needs appropriate types of flour for different bakery products (Hughes et al., 2020). Therefore, 
producers must consider different factors to meet the demand for high-quality grains, such as suitable varieties, 
nutrient management, pest and disease management, irrigation, crop rotation, storage and postharvest 
handling. Various climatic environmental factors, such as temperature, solar radiation, and rainfall, impact the 
expression of the potential yield of crops and, therefore, determine the yield obtained (Rozbicki et al., 2015). 
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In a climate change scenario, the negative effects of wheat diseases, among other biotic and abiotic 
factors, are likely to increase (Santa-Rosa et al., 2016). There are antecedents that indicate that climatic 
components are the most significant in the definition of wheat yield, contributing 56% of the variability, 
whereas genotype contributes 23% (Fernández et al., 2019). These elements, in addition to influencing the 
phenological characteristics of the crop, have a direct effect on the quality of the grain, such as the protein 
content. 

A field experiment was conducted at the ICAR-Indian Agricultural Research Institute, New Delhi, to study 
the interactive effects of irrigation and N fertilizer on the yield, grain protein content, and water and N use 
efficiency of wheat. The design of the experiment was split-plot with irrigation (I0: rainfed, I2: two irrigations, 
I3: three irrigations, I5: five irrigations) as the main plot and N (N0: 0 kg N ha-1, N30: 30 kg N ha-1, N60: 60 kg N 
ha-1 and N120: 120 kg N ha-1) as the subplot treatment. The grain protein content was not significantly 
influenced by the irrigation level in either year. Averaged across years and N levels, I0 resulted in a 6% higher 
grain protein content than did the other irrigation treatments (Pradhan et al. , 2017). In one study, the effects 
of irrigation and N application on the grain yield, protein content and amino acid composition of winter 
wheat were evaluated. Field experiments were conducted in a split-plot design with three replicates in high-
yielding land on the North China Plain. Three irrigation treatments were examined in the main plots: No 
irrigation, irrigation at jointing, and irrigation at jointing plus anthesis, while subplots were assigned to N 
treatment at four different rates: 0, 180, 240, and 300 kg N ha -1, respectively. The results indicated that, 
compared with no irrigation, irrigation at jointing and at jointing plus anthesis improved the grain yield by an 
average of 12.79% and 18.65%, respectively, across the three cropping seasons. However, different irrigation 
treatments had nonsignificant effect on the grain protein content during any cropping season (Zhang et al., 
2017). The opposite results were obtained in El Bajio, Mexico, where the effect of the number of irrigations 
on the industrial quality of wheat was evaluated. Ten commercial varieties were used, and irrigation was 
applied at 0-35, 0-35-70, 0-35-70-105 and 0-35-70-105-125 d (Cruz et al., 2017). The evaluated variables 
were hectoliter weight, grain hardness, protein content in flour, heading time, mass strength, tenacity-
extensibility ratio and bread volume. With the three-irrigations treatment, which resulted in the highest 
protein content in the flour, the strength of the dough and bread volume increased, whereas the protein 
content decreased by four or five. In one experiment conducted in northwestern Mexico, three N levels (75, 
150 or 250 kg ha-1) and three levels of irrigation (3, 4 or 5 irrigations) were studied. Increasing the N rate 
decreased the yellow belly (YB) content, thousand kernel weight and hectoliter weight and increased the 
protein content and number of grains per spike. The number of irrigations did not affect the number of grains 
per spike. However, increasing the number of irrigations increased the YB content, thousand kernel weight 
and hectoliter weight; on the other hand, the protein content decreased (Rodríguez-Felix et al., 2014). These 
findings suggest that understanding the optimum regime of irrigation and N application is an important 
strategy for improving both grain yield and protein quality in winter wheat.  

Wheat with moderate to high protein content (greater than 12%) is considered essential for bread 
production, whereas wheat with lower protein content is typically used for biscuits, noodles or animal feed 
(Ross, 2017; Jansone et al., 2024). The protein in the grain is the product of the accumulation of N during 
the vegetative stage until the filling of the grain (Sperotto et al., 2017; Argentel-Martínez et al., 2018). Proper 
management should be considered in grain production, since different types of stress affect the chlorophyll 
content and the metabolism of carbohydrates and proteins in plants and ultimately the quality of the grain  
(Argentel-Martínez et al., 2018). 

One way to consider the quality of the grain during the production stage of the crop is through 
multispectral reflectance since the leaf surface of the plant strongly reflects the energy in the near -infrared 
range (dos Santos et al., 2023) and can be measured by vegetation indices. The reflectance is determined by 
the properties of the foliar tissues, and these anatomical characteristics of the plants affected by stressors, 
such as heat or drought, can cause variations in the values of the vegetation indices. The leaf epidermis, 
cuticle thickness, and arrangement of mesophyll cells influence the ability to reflect or absorb light. The 
presence of a thick cuticle or waxy layer can increase the reflectance in the visible and near-infrared ranges. 
On the other hand, water in leaf tissue is strongly absorbed in the mid-infrared region. Dehydration due to 
water stress reduces the ability of leaves to absorb these wavelengths, leading to an increase in reflectance. 
Chloroplasts, which are rich in chlorophyll, absorb strongly in the visible region. Thermal or water stress can 
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degrade chlorophyll, resulting in a change in reflectance patterns via decreased absorption in the visible 
spectrum. A reduction in cell turgor can affect the internal structure, changing the reflectance in the NIR. 
Heat or drought stress reduces absorption in red light (due to lower chlorophyll content) and can modify 
reflectance in the NIR (due to structural changes), resulting in lower normalized differential vegetation index 
(NDVI) values (Karabourniotis et al., 2021; Melandri et al., 2021; Wang et al.,  2025). 

The reflectance measurements should be carried out during specific stages of the phenological 
development of the crops, such as grain filling, since in this period, the vegetation indices, for example, the 
NDVI, have better results when estimating yields (Magney et al., 2016). In terms of protein content, the 
grain-filling stage is fundamental and is directly related to yield since the increase in the availability of 
carbohydrates in this stage causes a negative relationship between grain yield and protein percentage (Maich 
et al., 2017; Fernández et al., 2019), and yield can be estimated via vegetation indices. Li et al. (2020) noted 
that using remote sensing data to predict grain quality and yield in crops such as wheat is becoming a more 
viable alternative to destructive laboratory testing methods. A close relationship between wheat grain 
protein content and vegetation indices such as the normalized difference vegetation index (NDVI) has been 
demonstrated (Tan et al., 2020). Wang et al. (2014) indicated that this relationship may depend on the 
phenological stage at which sampling is carried out; for example, the accuracy of grain protein content is 
improved when data collection is carried out during anthesis.  

The indices used for prediction range from the use of the NDVI, which is the most common index, the 
leaf area index (LAI) (Ríos-Hernández, 2021), to the use of indices that measure the reflectance of the 
wavelengths corresponding to the primary colors of visible light, red, green and blue, which can provide good 
estimates, such as the green leaf index (GLI) (Chen et al., 2024). 

Unmanned aerial vehicle (UAV) platforms equipped with multiple sensors capable of rapidly scanning 
entire fields have proven to be useful tools for collecting the nondestructive data on crop canopies necessary 
for the estimation of vegetation indices (Radoglou-Grammatikis et al., 2020; Xie and Yang, 2020; Jansone et 
al., 2024). 

The objective of this research was to identify the correlations between vegetation indices, the normalized 
differential vegetation index (NDVI) and the green leaf index (GLI), and the total protein content, yield 
components and characteristics of bakery and industrial quality in flour wheat genotypes under different 
irrigation conditions. 
 

MATERIALS AND METHODS 
 
Experimental site 
This research was carried out at the “El Bajío” Experimental Field (CEBAJ) of the Instituto Nacional de 
Investigaciones Forestales, Agrícolas y Pecuarias (INIFAP), located at 6.5 km Celaya-San Miguel de Allende 
Celaya, Guanajuato (20°32' N, 100°48' W; 1765 m a.s.l.) in the autumn-winter 2021-2022 and 2022-2023 
production cycles. The CEBAJ region has registered precipitation values of 578 mm and an average annual 
temperature of 19.8 °C. 
 
Handling the experiments 
Twenty-four genotypes of flour wheat (Triticum aestivum L.) were evaluated, of which 18 were commercial 
varieties and 6 were experimental lines (Table 1). Four irrigation schedules were also evaluated: 0-55, 0-45-75, 
0-45-75-100 and 0-35-75-85-105 d after sowing. The irrigation was performed by flooding via the sluice 
method. The irrigation sheets applied were 26 cm (14 + 12) for the two-irrigation treatment, 34 cm (14 + 10 + 
10) for the three-irrigation treatment, 44 cm (14 + 10 +10 + 10) for the four-irrigation treatment and 54 cm (14 
+ 10 + 10 + 10 + 10) for the five-irrigation treatment. A split-plot experimental design with three replicates was 
used. In the large plot, the irrigation schedule was established, and in the small plot, the genotypes were 
established. The experimental plot consisted of two 3 m long furrows with a distance between them of 0.75 m, 
with an experimental plot of 4.5 m2. 
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Table 1. Wheat genotypes used in the experiment. 

No Genotype  No Genotype 

1 Cortazar S94 13 Salamanca S75 
2 Urbina S2007 14 V-17 
3 Borlaug100 F2014 15 V-19 
4 Maya S2007 16 V-21 
5 Bárcenas S2002 17 Luminaria F2012 
6 Ibis M2016 18 Cisne F2016 
7 Bacorehuis F2015 19 Fort Mayo 
8 Conatrigo F2015 20 V-27 
9 Alondra F2014 21 V-28 
10 Noreste F2019 22 Witness A 
11 Hans F2019 23 V-35 
12 Faisán s2016 24 Witness B 

 

 
Estimation of the NDVI 
To estimate the normalized differential vegetation (NDVI) index, four samplings were carried out with the 
GreenSeeker sensor (PTx Trimble, Westminster, Colorado, USA or AGCO Corporation, Duluth, Georgia, USA) on 
a weekly basis during the grain-filling period, from 21 March to 15 April 2022 for the first cycle and from 6 
February to 8 March 2023 for the second cycle. The readings were taken in a period of time equivalent to 1 h 
before and 1 h after the solar zenith. The sampling of individual plots was carried out 60 cm from the crop 
canopy. 

The NDVI was calculated via the following formula: 
 

 
 

where NIR is the reflectance of near-infrared light and R is the reflectance of visible red light. 
 
GLI estimation 
To obtain the green leaf index (GLI), four scheduled flights were performed via an unmanned aerial vehicle 
(UAV) DJI Phantom 3 Pro unit (DJI, Shenzhen, China) on a weekly basis during the grain-filling period from 25 
March to 14 April 2022 for the first cycle and from 6 February to 8 March 2023 for the second cycle to obtain 
orthophotos. 

The images obtained with the UAV were analyzed via ImageJ software (Schneider et al., 2012) with the RGB 
measurement plugin to obtain basic statistics. The GLI index was subsequently obtained by averaging the 
reflectances of all the pixels contained in the image via the following formula: 

 

 
 

where G is the reflectance of visible green light, R is the reflectance of visible red light and B is the reflectance 
of visible blue light. 
 
Measurement of protein content and quality characteristics 
The protein content in the flour was measured with an infrared spectrophotometer (FOSS NIR Systems 5000-
M Analyzer, Hillerød, Denmark) (method 39-10; AACC, 2005). A clean sample of 500 g was used for each 
genotype with three replicates, and the hectoliter weight (HLW) (kg hL-1) of grain was determined on a 
volumetric scale (Seedburo Equipment Co., Chicago, Illinois, USA). 

The grain hardness (GH) (%) was calculated from the pearling index in 20 g grains, which indicates the ease 
of partial removal of the outer layers via a standardized abrasion procedure. Values less than 47% are classified 
as soft endosperm grains. Using a Brabender mill (Quadrumat Senior, CW Brabender OHG, Duisburg, Germany) 
and sifting through a mesh 129 µm in diameter, refined flour was obtained. The strength (DS) and the 
tenacity/extensibility ratio (TE) of the dough were calculated from the alveogram, which was obtained from 60 
g refined flour via the Chopin Alveograph (Tripette & Renaud, Asnières-sur-Seine, France) via method 54-30A 
of the AACC (2005). 
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The variables used for the statistical analysis were days to heading (DH), grain yield (GY), average of the 
NDVI (ANDVI), average of the GLI (AGLI), thousand-grain weight (TGW), harvest index (HI), biomass (BIO), grains 
per square meter (GM2), spikes per square meter (SM2), protein in grain (PG), hectoliter weight (HLW), grain 
hardness (GH), protein in flour (PF), dough strength (DS), toughness-extensibility relationship (TER) and yellow 
belly (YB). 
 
Statistical analysis 
The results obtained from the NDVI and GLI were correlated with the agronomic and quality data via Pearson’s 
correlation with SAS version 9.4 software (SAS Institute, Cary, North Carolina, USA). For the principal 
component analysis (PCA), the FactoMIneR package was used (Lê et al., 2008), with the PCA function using the 
correlation matrix. To obtain the visualization based on ggplot2 (Wickham, 2016), the Factoextra package 
(Kassambara and Mundt, 2020) was used with the fviz_pca_biplot function; both packages were run on the free 
software R version 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria). 
 

RESULTS AND DISCUSSION 
 
Table 2 shows that, in the two irrigations, protein in grain (PG) was negatively correlated with grain yield (GY), 
average of the green leaf index (GLI) (AGLI), grains per square meter (GM2), spikes per square meter (SM2), 
toughness-extensibility relationship (TER) and yellow belly (YB) and positively correlated with thousand-grain 
weight (TGW), harvest index (HI) and protein in flour (PF), which exemplifies the high correlation between the 
protein content in grain and the variables of industrial quality, vegetation indices and yield components. 
Similarly, this negative correlation between protein content and grain yield is explained by the interrelation 
between C and N metabolism in plants, since the increase in the availability of carbohydrates in the filling grain 
stage causes a negative relationship between grain yield and protein percentage (Fernández et al., 2019; 
Ganeva et al., 2024). 
 
 

Table 2. Pearson’s correlation between variables with p ≤ 0.05 for the two irrigation schedules. DH: 
Days to heading; GY: grain yield; ANDVI: average number of shots of the normalized differential 
vegetation index (NDVI) index; AGLI: average number of shots of the green leaf index (GLI); TGW: 
weight of thousand grains; HI: harvest index; BIO: biomass; GM2: grains per square meter; SM2: 
spikes per square meter; PG: protein in grain; HLW: hectoliter weight; GH: grain hardness; PF: 
protein in flour; DS: dough strength; TER: toughness-extensibility relationship; YB: yellow belly. 
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According to the three irrigations, the variable PG was only positively correlated with TGW and protein in 
flour (PF) and negatively correlated with YB (Table 3); in this sense, the negative correlation between the 
protein content in grain and the percentage of grains with a yellow belly has been described by Rodríguez-
González et al. (2011), who also mentioned that the presence of yellow belly manifests itself mainly in 
unfavorable environments (Rodríguez-González et al., 2014). 

 
 

Table 3. Pearson’s correlation between variables with p ≤ 0.05 for the three irrigation schedules. 
DH: Days to heading; GY: grain yield; ANDVI: average number of shots of the normalized 
differential vegetation index (NDVI) index; AGLI: average number of shots of the green leaf index 
(GLI); TGW: weight of thousand grains; HI: harvest index; BIO: biomass; GM2: grains per square 
meter; SM2: spikes per square meter; PG: protein in grain; HLW: hectoliter weight; GH: grain 
hardness; PF: protein in flour; DS: dough strength; TER: toughness-extensibility relationship; YB: 
yellow belly. 

 
 
 
The vegetation indices average of the NDVI (ANDVI) and AGLI were positively correlated with the agronomic 

variables days to heading (DH) and GY in the four irrigation schedules, as shown in Table 4, which supports the 
predictive use of the vegetation indices during the heading stage to estimate performance. These characteristic 
conditions hinder the development of lines with high protein contents since the main characteristic that is 
sought during plant breeding is increased yield. 

In the four irrigation schedules, a negative correlation between the protein content in the grain and the 
percentage of yellow belly and the grain yield was maintained, which was observed in three of the four irrigation 
schedules (Table 5). Similarly, a negative correlation was detected between the ANDVI index and the protein 
content in the grain, and a strong negative correlation was detected with the AGLI. This negative correlation 
between the vegetation indices and the protein content in the grain was detected in the two and five irrigation 
schedules. Irrigation regimes are contrasting irrigation regimes, which could indicate that this correlation occurs 
under extreme drought or humidity conditions. 
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Table 4. Pearson’s correlation between variables with p ≤ 0.05 for the four irrigation schedules. 
DH: Days to heading; GY: grain yield; ANDVI: average number of shots of the normalized 
differential vegetation index (NDVI) index; AGLI: average number of shots of the green leaf index 
(GLI); TGW: weight of thousand grains; HI: harvest index; BIO: biomass; GM2: grains per square 
meter; SM2: spikes per square meter; PG: protein in grain; HLW: hectoliter weight; GH: grain 
hardness; PF: protein in flour; DS: dough strength; TER: toughness-extensibility relationship; YB: 
yellow belly.  

 
 
 

Table 5. Pearson’s correlation between variables with p ≤ 0.05 for the five irrigation schedules. 
DH: Days to heading; GY: grain yield; ANDVI: average number of shots of the normalized 
differential vegetation index (NDVI); AGLI: average number of shots of the green leaf index (GLI) 
index; TGW: weight of thousand grains; HI: harvest index; BIO: biomass; GM2: grains per square 
meter; SM2: spikes per square meter; PG: protein in grain; HLW: hectoliter weight; GH: grain 
hardness; PF: protein in flour; DS: dough strength; TER: toughness-extensibility relationship; YB: 
yellow belly. 

 
 
 

Figure 1 shows the values of the correlation matrix, which revealed that the first three principal components 
represented 73.1% of the total variation (PC1 49%, PC2 14.2% and PC3 9.9%). 
 



CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 85(4) August 2025 - www.chileanjar.cl 488 

 
Figure 1. Percentage of the variance explained by the principal components. 

 
 

The biplot in Figure 2 shows that the quality variables toughness-extensibility relationship (TER), dough 
strength (DS) and yellow belly (YB) had greater values in the four irrigation treatments, while in the five 
irrigation treatments, the highest values were in the weight of thousand grains (TGW), HI, grains per square 
meter (GM2), spikes per square meter (SM2) and biomass (BIO) variables. Similarly, the protein, PF and PG 
variables were positively correlated with each other and negatively correlated with the quality variables TER, 
DS and YB, whereas the average number of shots of the green leaf index (AGLI) and average number of shots 
of the normalized differential vegetation index (NDVI) (ANDVI) were positively correlated with each other and 
with grain yield (GY) and BIO, which coincides with the findings of Reznick et al. (2021) and Zajac et al. (2013), 
who described the correlation between the NDVI and BIO index, which can be explained by the intrinsic 
relationship that exists between yield and biomass, as suggested by Schierenbeck et al. (2015). 
 
 

 
Figure 2. Biplot of the first two main components of the analysis of 24 genotypes evaluated in the 
four irrigation schedules. 2R: Two-irrigation schedule; 3R: three-irrigation schedule; 4R: four-
irrigation schedule; 5R: five-irrigation schedule; DH: days to heading; GY: grain yield; ANDVI: average 
number of shots of the normalized differential vegetation index (NDVI); AGLI: average number of 
shots of the green leaf index (GLI); TGW: weight of thousand grains; HI: harvest index; BIO: biomass; 
GM2: grains per square meter; SM2: spikes per square meter; PG: protein in grain; HLW: hectoliter 
weight; GH: grain hardness; PF: protein in flour; DS: dough strength; TER: toughness-extensibility 
relationship; YB: yellow belly. 
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The results of multiple factor analysis (Table 6) revealed that the first two underlying factors (UFs) or CPs 
explained 88.03% of the total variance of the experiment, thus exceeding the range of minimum accumulated 
variance according to Field (2009), who suggested that the minimum values of accumulated variance should be 
in the range of 55%-65%. The factor with the largest eigenvalue has the greatest variance, which is successively 
reduced until the factors with small or negative eigenvalues that are generally omitted in the solutions are 
reached. 

 
 

Table 6. Results of the multiple factor analysis. 

 
 
 

Significant differences were detected in the chi-square test (910.5, p ≤ 0.0001) and the sufficiency of having 
used four UFs (190.3, p ≤ 0.0001). The first is interpreted as interdependence between the variables evaluated, 
which justifies performing the AF (Table 7). 

 
Table 7. Significance tests of factor analysis. 

 
 
 
In Figure 3, most of the variables evaluated are located in the first quadrant, with the exception of five 

variables (PG, HLW, PF, DS and TER); that is, there is no angle greater than 90° between most of the variables 
when the origin is taken as a reference, which gives rise to smaller angles between the vectors of each variable, 
and therefore, the positive correlations between them can be verified (Table 8) via Pearson correlation analysis 
(of the results through irrigation calendars). Four subgroups of variables were also formed, the first consisting 
only of the variable TER and the second consisting of the variables DS, PF, HLW and PG, with low associations 
between them, as observed in Table 8. The third group was formed with the variables SM2, GH and TGW 
because these variables are highly associated with each other (Table 8). The fourth group included seven 
variables, some of which were highly associated, such as GY and GM2, ANDVI and HI and AGLI with DH, all of 
which were positive and highly significant. 
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Figure 3. Multiple Factor Analysis across irrigation schedules for 15 variables, including agronomic and 
industrial quality variables. DH: Days to heading; GY: grain yield; ANDVI: average number of shots of the 
normalized differential vegetation index (NDVI); AGLI: average number of shots of the green leaf index 
(GLI); TGW: weight of thousand grains; HI: harvest index; BIO: biomass; GM2: grains per square meter; 
SM2: spikes per square meter; PG: protein in grain; HLW: hectoliter weight; GH: grain hardness; PF: 
protein in flour; DS: dough strength; TER: toughness-extensibility relationship; YB: yellow belly. 
 
 

Table 8. Pearson’s correlation between variables with p ≤ 0.05 through irrigation schedules. DH: Days to 
heading; GY: grain yield; ANDVI: average number of shots of the normalized differential vegetation index 
(NDVI); AGLI: average number of shots of the green leaf index (GLI); TGW: weight of thousand grains; HI: 
harvest index; BIO: biomass; GM2: grains per square meter; SM2: spikes per square meter; PG: protein 
in grain; HLW: hectoliter weight; GH: grain hardness; PF: protein in flour; DS: dough strength; TER: 
toughness-extensibility relationship; YB: yellow belly. 
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Figure 4 shows the behavior of the protein content in the grain with respect to the vegetation index. Under 
the two-irrigation (Figure 3a) and five-irrigation (Figure 3d) calendars, high vegetation indices, NDVI and GLI, 
coincided with a relatively low protein content (crosses with relatively low contents (9.7% to < 10.3%)), and low 
vegetation indices coincided with relatively high protein content (triangles with relatively high protein contents 
in the grain (11.05% to < 11.36%)). However, in the three-irrigations (Figure 3b) and four-irrigations (Figure 3c) 
calendars, this behavior was not observed. This could indicate that this behavior occurs in contrasting irrigation 
environments. 

 
 

 
Figure 4. Bubble graph of the grain protein content (PG) in relation to the average normalized 
differential vegetation index (ANDVI) and the average green leaf index (AGLI). a) Two-irrigation 
schedule; b) three-irrigation schedule; c) four-irrigation schedule; c) five-irrigation schedule. 

 
 

CONCLUSIONS 
 
The significant correlation between wheat grain protein content and normalized difference vegetation index 
(NDVI) and green leaf index (GLI) is predominantly expressed in contrasting environments with respect to 
irrigation schedules. Therefore, vegetation indices NDVI and GLI obtained at stages prior to physiological 
maturity of grains can be used as a tool to predict yield and protein content of harvested grains. 
 



CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 85(4) August 2025 - www.chileanjar.cl 492 

Author contributions 
Conceptualization: J.C.B-J., L.L-R., C.L.A-M. Methodology: L.L-R., E.S-M. Software: V.M-T., J.C.B-J. Validation: C.L.A-M., F.J.M-
G. Formal analysis: J.C.B-J., V.M-T. Investigation: J.C.B-J., L.L-R., E.S-M., C.L.A-M. Resources: L.L-R., E.S-M. Data curation: 
J.C.B-J., V.M-T., F.J.M-G. Writing-original draft: J.C.B-J. Writing-review & editing: C.L.A-M. Visualization: E.S-M., V.M-T. 
Supervision: C.L.A-M. Project administration: L.L-R. E.S-M. Funding acquisition: L.L-R, E.S-M. All coauthors reviewed the final 
version and approved the manuscript before submission. 
 
Acknowledgements 
To the Secretariat of Science, Humanities, Technology and Innovation (SECIHTI), Mexico, for the scholarship awarded to 
J.C.B-J. for the scholarship granted for studies of Master of Science in Seed Production and Technology at TecNM/IT Roque. 
 
References 
AACC. 2005. Approved methods of the AACC. American Association of Cereal Chemists (AACC), St. Paul, Minnesota, USA. 

Available at https://www.scirp.org/reference/referencespapers?referenceid=1253037 
Argentel-Martínez, L., Garatuza-Payán, J., Yépez, E.A., Salazar-Huerta, F.J., Arredondo, T. 2018. Efectos de la temperatura 

en el metabolismo de proteínas y carbohidratos y el índice de vegetación en trigo (Triticum durum L.) Cultivos Tropicales 
39(3):49-57. 

Chen, C., Yuan, X., Gan, S., Luo, W., Bi, R., Li, R., et al. 2024. A new vegetation index based on UAV for extracting plateau 
vegetation information. International Journal of Applied Earth Observation and Geoinformation 128:103668. 
doi:10.1016/j.jag.2024.103668. 

dos Santos, G.L.A.A., Reis, A.S., Besen, M.R., Furlanetto, R.H., Rodrigues, M., Crusiol, L.G.T., et al. 2023. Spectral method for 
macro and micronutrient prediction in soybean leaves using interval partial least squares regression. European Journal 
of Agronomy 143:126717. doi:10.1016/J.EJA.2022.126717. 

Fernández, M.A., Zingaretti, O., Castaño, M. 2019. Efecto del ambiente, el genotipo y la fertilidad sobre el rendimiento en 
grano de trigo pan y su calidad en la región subhúmeda seca pampeana. Semiárida 29(2):11-24. 
doi:10.19137/semiarida.2019(02)11-24. 

Field, A. 2009. Discovering statistics using SPSS. 3rd ed. SAGE Publications, London, UK. 
Ganeva, D., Roumenina, E., Dimitrov, P., Gikov, A., Bozhanova, V., Dragov, R., et al. 2024. Preharvest durum wheat yield, 

protein content, and protein yield estimation using unmanned aerial vehicle imagery and Pléiades satellite data in field 
breeding experiments. Remote Sensing 16(3):559. doi:10.3390/rs16030559. 

Hughes, J., Vaiciurgis, V., Grafenauer, S. 2020. Flour for home baking: A cross-sectional analysis of supermarket products 
emphasising the whole grain opportunity. Nutrients 12(7):2058. doi:10.3390/nu12072058. 

Jansone, Z., Rendenieks, Z., Lapāns, A., Tamm, I., Ingver, A., Gorash, A., et al. 2024. Phenotypic variation and relationships 
between grain yield, protein content and unmanned aerial vehicle-derived normalized difference vegetation index in 
spring wheat in Nordic-Baltic environments. Agronomy 14(1):51. doi:10.3390/agronomy14010051. 

Karabourniotis, G., Liakopoulos, G., Bresta, P., Nikolopoulos, D. 2021. The optical properties of leaf structural elements and 
their contribution to photosynthetic performance and photoprotection. Plants 10(7):1455. 
doi:10.3390/plants10071455. 

Kassambara, A., Mundt, F. 2020. Package “factoextra”. Extract and visualize the results of multivariate data analyses. 
Available at https://cran.r-project.org/web/packages/factoextra/index.html 

Lê, S., Josse, J., Husson, F. 2008. FactoMineR: An R Package for multivariate analysis. Journal of Statistical Software 25(1):1-
18. doi:10.18637/jss.v025.i01. 

Li, Z., Taylor, J., Yang, H., Casa, R., Jin, X., Li, Z., et al. 2020. A hierarchical interannual wheat yield and grain protein prediction 
model using spectral vegetative indices and meteorological data. Field Crops Research 248:107711. 
doi:10.1016/j.fcr.2019.107711. 

Magney, T.S., Eitel, J.U.H., Huggins, D.R., Vierling, L.A. 2016. Proximal NDVI derived phenology improves in-season 
predictions of wheat quantity and quality. Agricultural and Forest Meteorology 217:46-60. 
doi:10.1016/j.agrformet.2015.11.009. 

Maich, R.H., Steffolani, M.E., Di Rienzo, J.A., León, A.E. 2017. Association between grain yield, grain quality and 
morphophysiological traits along ten cycles of recurrent selection in bread wheat (Triticum aestivum L.) Cereal Research 
Communications 45:146153 doi:10.2134/agronj2001.1227. 

Cruz, E.M., Rangel, E.E., Mir, H.E.V., Santa Rosa, R.H., Reyes, E.M., Colunga, A.Z. 2017. Industrial quality of wheat flour 
according to the number of irrigations. Revista Mexicana de Ciencias Agrícolas 8(7):1497-1150. 

Melandri, G., Thorp, K.R., Broeckling, C., Thompson, A.L., Hinze, L., Pauli, D. 2021. Assessing drought and heat stress-induced 
changes in the cotton leaf metabolome and their relationship with hyperspectral reflectance. Frontiers in Plant Science 
12:751868. doi:10.3389/fpls.2021.751868. 



CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 85(4) August 2025 - www.chileanjar.cl 493 

Pradhan, S., Bandyopadhyay, K., Chopra, U.K., Krishnan, P., Jain, A.K., Singh, R., et al. 2017. Yield, grain protein content and 
input use efficiency in wheat as influenced by irrigation and nitrogen levels in a semi-arid region. Journal of the Indian 
Society of Soil Science 65(4):410-422. doi:10.5958/0974-0228.2017.00048.2. 

Radoglou-Grammatikis, P., Sarigiannidis, P., Lagkas, T., Moscholios, I. 2020. A compilation of UAV applications for precision 
agriculture. Computer Networks 172:107148. doi:10.1016/j.comnet.2020.107148. 

Reznick, J.P.K., Pauletti, V., Barth, G. 2021. Field estimate with NDVI of grain yield and quality of wheat flour. Brazilian Journal 
of Agricultural and Environmental Engineering 25(12):801-806. doi:10.1590/1807-1929/agriambi.v25n12p801-806. 

Ríos-Hernández, R. 2021. Uso de los drones o vehículos aéreos no tripulados en la agricultura de precisión. Revista Ingeniería 
Agrícola 11(4):e10. Available at https://www.redalyc.org/journal/5862/586268743010/html/ 

Rodríguez-Félix, F., Ramirez-Wong, B., Torres-Chávez, P.I., Álvarez-Avilés, A., Moreno-Salazar, S., Renteria-Martínez, E.M., 
Bello-Pérez, L.A. 2014. Yellow berry, protein and agronomic characteristics in bread wheat under different conditions 
of nitrogen and irrigation in northwest Mexico. Pakistan Journal of Botany 46(1):221-226. 

Rodríguez-González, R.E., Paz-Hernández, J.J., Iñiguez-Monroy, C.G., Rueda-Puente, E.O., Avendaño-Reyes, L., Cruz-Villegas, 
M., et al. 2014. Yield stability of wheat in the Mexicali Valley, México. Phyton 83(1):65-70. 

Rodríguez-González, R.E., Ponce-Medina, J.F., Rueda-Puente, E.O., Avendaño-Reyes, L., Paz-Hernández, J.J., Santillano-
Cazares, J., et al. 2011. Interacción genotipo-ambiente para la estabilidad de rendimiento en trigo en la región de 
Mexicali, BC, México. Tropical and Subtropical Agroecosystems 14(2):543-558. 

Ross, A.S. 2017. Genetic and other factors affecting wheat quality. p. 233-268. In Langridge, P. (ed.) Achieving sustainable 
cultivation of wheat. Volume 1. Burleigh Dodds Science Publishing, London, UK. doi:10.4324/9781351114257. 

Rozbicki, J., Ceglińska, A., Gozdowski, D., Jakubczak, M., Cacak-Pietrzak, G., Mądry, W., et al. 2015. Influence of the cultivar, 
environment and management on the grain yield and bread-making quality in winter wheat. Journal of Cereal Science 
61:126-132. doi:10.1016/j.jcs.2014.11.001. 

Santa-Rosa, R.H., Espitia-Rangel, E., Martínez-Cruz, E., Villaseñor-Mir, H.E., Huerta-Espino, J., Mariscal-Amaro, L.A. 2016. 
Productivity and end use quality of bread wheats in relation to diseases. Agrociencia 50(8):1027-1039. 

Schierenbeck, M., Fleitas, M.C., Golik, S.I., Simón, M.R. 2015. Generación de biomasa y rendimiento en trigo frente a 
infecciones de Puccinia triticina y Pyrenophora tritici-repentis. FAVE Sección Ciencias Agrarias 14(2):161-176. 
doi:10.14409/fa.v14i2.5730. 

Schneider, C.A., Rasband, W.S., Eliceiri, K.W. 2012. NIH Image to ImageJ: 25 years of image analysis. Nature Methods 
9(7):671-675. 

Sperotto, R.A., Vasconcelos, M.W., Grusak, M.A., Fett, J.P. 2017. Whole-plant mineral partitioning during the reproductive 
development of rice (Oryza sativa L.) Spanish Journal of Agricultural Research 15(2):e0802-11. 
doi:10.5424/sjar/2017152-10332. 

Tan, C., Zhou, X., Zhang, P., Wang, Z., Wang, D., Guo, W., et al. 2020. Predicting grain protein content of field-grown winter wheat 
with satellite images and partial least square algorithm. PLOS ONE 15(3):e0228500. doi:10.1371/journal.pone.0228500. 

USDA. 2024. Wheat. United States Department of Agriculture (USDA), Washington DC, USA. 
https://www.ers.usda.gov/topics/crops/wheat/ 

Wang, J., Chen, C., Wang, J., Yao, Z., Wang, Y., Zhao, Y., et al. 2025. NDVI estimation throughout the whole growth period 
of multi-crops using RGB images and deep learning. Agronomy 15(1):63. doi:10.3390/agronomy15010063. 

Wang, L., Tian, Y., Yao, X., Zhu, Y., Cao, W. 2014. Predicting grain yield and protein content in wheat by fusing multi-sensor 
and multi-temporal remote-sensing images. Field Crops Research 164:178-188. doi:10.1016/j.fcr.2014.05.001. 

Wickham, H. 2016. ggplot2: Elegant graphics for data analysis. 2nd ed. Springer, New York, New York, USA. 
Wrigley, C.W., Nirmal, R.C. 2017. The major cereal grains: Corn, rice, and wheat. Kirk-Othmer Encyclopedia of Chemical 

Technology. John Wiley & Sons, Hoboken, New Jersey, USA. doi:10.1002/0471238961.23080501.a01.pub3. 
Wysocka, K., Cacak-Pietrzak, G., Feledyn-Szewczyk, B., Studnicki, M. 2024. The baking quality of wheat flour (Triticum 

aestivum L.) obtained from wheat grains cultivated in various farming systems (organic vs. integrated vs. conventional). 
Applied Sciences 14(5):1886. doi:10.3390/app14051886. 

Xie, C., Yang, C. 2020. A review on plant high-throughput phenotyping traits using UAV-based sensors. Computers and 
Electronics in Agriculture 178:105731. doi:10.1016/j.compag.2020.105731. 

Zajac, C.C., Vallejos, A.G., Zajac, E.E., Galantini, J. 2013. Análisis del rendimiento en cereales de invierno mediante mapas de 
rendimiento y el índice de vegetación de diferencia normalizada (NDVI) en el Sudoeste Bonaerense, Argentina. Chilean 
Journal of Agricultural & Animal Sciences 29(2):95-102. 

Zhang, P., Ma, G., Wang, C., Lu, H., Li, S., Xie, Y., et al. 2017. Effect of irrigation and nitrogen application on grain amino acid 
composition and protein quality in winter wheat. PLOS ONE 12(6):e0178494. doi:10.1371/journal.pone.0178494. 


