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Abstract
The effect of anomalies of foliar mineral nutrients on the nutritional behavior of 
apple crops has been evaluated using parameters obtained by means of remote 
sensing techniques. Twenty-five plots in commercial orchards were selected in the 
five most important municipalities of Chihuahua State, Mexico in which the main 
nutritional parameters were measured (N, P, K, Ca, Mg, Fe, Zn, Mn, Cu, and B). Im-
portant deficiencies of these nutrients were detected in 88% of the analyzed crops. 
These deficiencies showed significant correlation with the spectral data (SPOT5) 
and with the NDVI elaborated from these data. The mathematical models obtained 
showed high determination coefficients for most of the mineral elements; concrete-
ly, nitrogen and calcium presented the best results (0.80 and 0.76, respectively). 

Keywords
Nutritional deficiencies; nitrogen; remote sensing; NDVI; apple.

Resumen
Se ha evaluado el efecto en las anomalías de los nutrientes minerals foliares en el 
comportamiento nutricional de los cultivos de manzanos utilizando parámetros 
obtenidos mediante técnicas de teledetección. Se seleccionaron veinticinco 
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parcelas en fincas comerciales de los cinco municipios más importantes del 
estado de Chihuahua (México), en los que se midieron en campo los principales 
parámetros nutricionales (N, P, K, Ca, Mg, Fe, Zn, Mn, Cu y B). Se detectaron 
importantes deficiencias de estos nutrientes en el 88% de los cultivos analizados. 
Estas deficiencias mostraron una correlación significativa con los datos espectrales 
(SPOT5) y con el NDVI elaborado a partir de estos datos. Los modelos matemáticos 
obtenidos proporcionaron altos coeficientes de determinación para la mayoría de 
los elementos minerales; concretamente, el nitrógeno y el calcio presentaron los 
mejores resultados (0.80 y 0.76, respectivamente).

Palabras clave
Deficiencias nutricionales; nitrógeno; teledetección; NDVI; manzano.
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1. INTRODUCTION

The nutritional elements have specific functions in the life of plants, at the 
structural level (Al-Obaid et alli, 2010) as well as through their transport and in 
osmotic adjustment processes. In fruit trees like apple, the timing and the form 
of application of fertilization may influence not only growth but also the yield of 
crops, as well as affecting the different forms of storage and mobilization of nu-
trients in the plants (Neilsen et alli, 2006). As a result, the trees will have higher 
levels of these elements quickly available for the initial growth of leaves, flowers, 
and fruits (Dong et alli, 2005). 

The nutritional diagnosis of crops is a tool that allows one to determine the 
source of anomalies in the nutritional state, through the analysis and interpre-
tation of morphological, physical, and chemical characteristics of the plants. Its 
importance is due to the fact that the potential of crops is expressed as a produc-
tion of high yield and quality (Jiménez, 2009). Traditionally, the procedures used 
to perform these diagnoses have been based on techniques of field or laboratory 
analysis, the former having the obvious disadvantage of providing a late identif﻿i-
cation of nutritional disorders - when they have already affected growth and yield. 
On the other hand, laboratory techniques are more accurate but they involve a 
large number of processes, associated with sampling, transportation, preparation, 
analysis, and interpretation of results.

The existence of a strong, linear, and positive correlation between some nutri-
ents and the leaf chlorophyll, photosynthesis, protein synthesis, and nitrogen (N) 
levels (Boussadia et alli, 2010) means that remote sensing techniques can provide 
a platform to evaluate the nutritional conditions of the plants and the response of 
growth. Remote sensing allows one to measure the reflectance of the incident light 
at different wavelengths, which has been associated with plant growth and yield. 

The vegetative indices allow users to relate the differences in reflectance to 
changes in the characteristics of the canopy (Gonzalez-Dugo et alli, 2013; Contreras 
et alli, 2014). The Normalized Difference Vegetation Index (NDVI), which combines 
the reflectance signals of the near-infrared (NIR) part of the electromagnetic spec-
trum, has broad acceptance based on its ease of use; it requires only two wavelengths 
and the characteristics of the plant that has been used for the correlation (Ruimy, 
Sangier & Dediu, 1994). The NDVI is a measure of the photosynthetic capacity of 
the plants and the stomatal resistance with respect to the transfer of water vapor, 
and it is used to evaluate the concentration of N in the plant, the chlorophyll con-
tent, the biomass of green leaves, and the grain yield (Solari et alli, 2008). Studies 
on spectral reflectance indicate that there is a direct relationship between the per-
centage of photosynthesis, light absorbance, and concentration of leaf nitrogen 
(Broge & Leblanc, 2000). A less-than-optimal N content in the vegetation cover is 
easily detectable (Schröder et alli, 2000), while excess N is not estimated adequate-
ly (Wood et alli, 1993). However, Blackmer, Schepers & Varvel (1994) showed that 
with the reflectance measured at 550 nm good correlations between the foliar N 
concentration and estimated chlorophyll are obtained, but a wide range of availa-
ble N is required (Zarco et alli, 2004).
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The main objective of this work was to assess the effect of the lack and excess 
of foliar mineral nutrients (N, P, K, Ca, Mg, Fe, Zn, Mn, Cu, and B) on the nutri-
tional behavior of the apple tree and to examine the evolution of some parameters 
obtained with ground detection systems using images of the sensor SPOT5, with 
spectral information in the visible and near-infrared wavelengths. Spectral models 
of this fruit tree, which take into account the concentrations of the most impor-
tant nutrient elements, can help to establish a proper physiological evaluation of 
the tree in a short period of time.

2. MATERIALS AND METHODS

2.1. STUDY AREA

The study area is located in the agricultural region of Chihuahua (Mexico), 
between the geographical coordinates 28°13’19’’ to 28°59’35’’ N and 106°34’39’’ to 
107°10’33’’ W, covering a total area of 2,035 km2. In this area has been analyzed 25 
plots, within commercial apple orchards, characterized (Figure 1). Topographically, 
it is characterize by a plain that is shaped irregularly by the Pedernales, San Juan, 
Salitrera, Chuchupate, Sierra Azul and Sierra Rebote, where the only water contri-
bution comes from precipitation. This zone has a mean annual rainfall of 415.7 mm 
and an annual average temperature of 14.6 °C (CNA, 2010), generating semi-arid 

Figure 1. General location of the study area: A) Location of Chihuahua State, Mexico. B) Towns 
where the apple orchards are distributed. Source: Autors. 
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climatic conditions. This dynamic has caused an overexploitation of the water re-
sources, 569.4 Hm3 being extracted annually while only 115 Hm3 are provided by 
natural recharge (CNA, 2010). The soils of the region are characterized by being 
poor (GEC, 2013), with low contents of organic matter and deficiencies of nitrogen, 
calcium, magnesium, manganese, copper, iron, and zinc –which give rise to low 
agricultural production averaging 9.85 t/ha/year (INEGI, 2012).

2.2. SAMPLING AND ANALYSIS OF NUTRIENTS IN LEAVES

Sampling was carried out on the middle section of the vegetative branches, in 
trees selected at random (at a height between 1 and 2 meters). The main character-
istics are presented in Table 1. 

Table 1 – Samples characteristics (Source: Autors)

Nº Locality
Irrigation 
system

Variety
Age of 
the tree

Tree spacing 
vvspacing (m)

1 El Molino Gravity G.D. 20 P.P. 3.3*4.0
2 El Oso Micro aspersion G.D. 15 S. 5.1*4.1
3 El Terrero Micro aspersion G.D. 20 S. 5.6*4.9
4 El Picacho Micro aspersion G.D. 25 S. 5.1*6.0
5 Soto Máynez Gravity G.D. 18 S. 4.3*2.3
6 Bachiniva Gravity G.D. 25 P.P. 4.0*3.7
7 Sn. J. Bachi. Gravity G.D. 26 P.P. 6.3*4.5
8 km 27-Carr-M Micro aspersion R.D. 15 S. 5.0*5.0
9 km 11.4 Can Micro aspersion G.D. 25 C G 4.4*2.6

10 km 1.1 Can Gravity G.D. 25 P.P. 4.0*4.0
11 Gran Visión Micro aspersion G.D. 30 S. 5.0*4.4
12 Miñaca Micro aspersion G.D. 20 S. 5.0*4.5
13 Rubio (km-40) Gravity G.D. 20 S. 4.7*6.0
14 Field 10-A Gravity G.D. 15 P.P. 2.2*4.3
15 km 18.5-Rubio Micro aspersion G.D. - R.D. 10 P.P. 1.5*4.3
16 Ojo de Agua Micro aspersion G.D. - R.D. 20 P.P. 5.5*5.5
17 Llanos’ Reforma Gravity G.D. - R.D. 20 P.P. 2.5*3.1
18 Field 2-B Micro aspersion R.D. 15 P.P. 2.9*4.7
19 Field 22 Micro aspersion G.D. 10 S. 5.2*3.7
20 Field 20 Micro aspersion G.D. 12 S. 4.4*2.4
21 Field 4 Micro aspersion G.D. 20 S. 5.0*6.2
22 Field 4-1/2 Gravity G.D. - R.D. 25 S. 5.3*5.9
23 Field 6-A Micro aspersion G.D. 6 P.P. 4.6*3.0
24 Field 10 Gravity R.D. 8 S. 4.6*3.1
25 Field 102-1/2 Gravity G.D. 30 P.P. 6.1*6.1

G.D.: Golden Delicious, R.D.: Red Delicious. P. P.: Planting Pattern, S.: Staggered. C.G.: Curves 
at ground level.
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To avoid the high variation in the concentrations of the essential elements in 
the apple leaves during the period of vegetative growth, it was decided to take 
samples of leaves during the period of minimum oscillation of the nutrient con-
centrations. To study the natural defoliation, f﻿﻿﻿ive shoots were marked per tree and 
the number of leaves was recorded every 15 days, according to the methodology of 
Yuri (2002). The determination of the total concentrations of the elements (nitro-
gen, phosphorus, potassium, calcium, magnesium, iron, boron, manganese, zinc, 
and copper) was conducted according to the methodology proposed by Etchevers 
(1992); subsequently, the ranges of classification were compared and the results 
interpreted (Shear & Faust, 1980).

2.3. SPECTRAL INFORMATION

In this work images provided by the satellite SPOT 5 have been used. But the 
impossibility of knowing a priori if cloud cover was absent in the images captured, 
in relation to their correct analysis, made six field campaigns of leaf sampling 
necessary - during the production cycle of the year 2012, every 15 days from late May 
until mid-August. Various images acquired, needed for cover the study area, that 
obtained on June 18 was established as optimal for use, while the sampling date of 
June 15 was determined as the most propitious for the analysis of the correlation 
between the two sets of data. The image used was geometrically corrected, using 
control points, by the Miramón software (Pala & Pons, 1996). The atmospheric 
effect on the electromagnetic signal was removed, using the 6S radiative transfer 
model (Vermote et alli, 1997), as was as the distorting effect of the topography on 
the lighting conditions (Riaño, Chuvieco & Aguado, 2003). From the rectified image 
spectral information from the red and near-infrared bands was obtained, as well 
as the ratio of the differences of the two bands, to give the normalized difference 
vegetation index (NDVI), that shows high correlation with the green biomass and 
primary productivity (Cabrera-Bosquet et alli, 2011).

2.4. STATISTICAL ANALYSIS

For the determination of the predictive model of the concentrations of the nutri-
ent elements in apple leaves, the predictive variables used were the average values of 
reflectivity in the SPOT-B2 and SPOT-B3 bands, as well as the average NDVI values 
(Table 2), in each of the experimental plots. This information corresponded to the 
average nutrient concentration values in each plot. A linear regression model was 
applied to determine the relationships between the concentrations of nutrient el-
ements reported in situ and the spectral information for each of the bands and the 
NDVI, in order to measure the magnitude of the relationships and their statistical 
significance. Subsequently, the Pearson correlation coefficient, used for quantita-
tive variables (minimum interval scale), was applied; this measures the degree of 
covariance between different variables related linearly (Spiegel, 1992).
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Table 2 – Main features of the SPOT 5 images used (Source: Autors)

Band Band width (µm) Spectral region Spatial resolution

SPOT-B2 0.61 – 0.68 Red 10

SPOT-B3 0.78 – 0.89 Near infrared 10

Index Equation Spatial resolution

NDVI 10

3. RESULTS AND DISCUSSION

The results are presented as an analysis of the leaf nutrient concentrations and 
their degree of correlation with the spectral data. Deductions are provided for 
macronutrients (concentrations expressed in percentages) and for micronutrients 
(expressed in mg/kg). 

Table 3 – Mineral element concentrations  
in apple leaves in each plot

Macronutrients (%) Micronutrients (MG/KG)

Plot N P K Ca Mg Fe Mn Zn B Cu
1 1.55 0.2 0.84 0.58 0.15 57 18 4 35 2
2 1.68 0.09 0.84 0.21 0.14 46 20 5 39 2
3 1.56 0.12 0.83 0.58 0.14 43 14 6 40 1
4 1.24 0.08 0.59 0.48 0.14 48 38 4 31 1
5 1.64 0.13 0.62 0.85 0.15 62 16 5 32 2
6 1.78 0.05 0.51 0.49 0.19 73 29 20 29 8
7 1.67 0.12 0.66 0.58 0.18 45 12 4 35 2
8 1.71 0.17 0.79 0.43 0.19 95 33 6 34 3
9 1.85 0.07 0.69 0.32 0.17 77 25 3 45 2
10 1.27 0.11 0.7 0.64 0.17 71 13 4 33 1
11 1.72 0.09 0.81 0.33 0.15 93 36 4 37 5
12 1.88 0.07 0.65 0.87 0.18 75 29 5 37 2
13 2.14 0.06 0.64 0.67 0.19 73 23 4 30 1
14 2.25 0.09 0.69 0.63 0.19 103 14 4 40 2
15 1.86 0.07 0.88 0.71 0.17 97 36 5 33 2
16 1.47 0.1 0.65 0.65 0.2 98 21 4 28 1
17 1.73 0.18 0.74 0.67 0.19 143 14 4 34 2
18 1.72 0.08 0.65 0.55 0.15 109 20 3 39 1
19 1.89 0.07 0.54 0.77 0.21 119 48 26 35 2
20 1.5 0.18 0.69 0.73 0.14 130 25 5 31 2
21 2.18 0.06 0.53 0.57 0.2 101 23 6 34 2
22 1.67 0.15 0.61 0.61 0.18 75 22 4 36 3
23 1.95 0.08 0.57 0.65 0.16 80 28 12 33 2
24 2.27 0.08 0.57 0.62 0.17 64 11 5 55 2
25 2.03 0.07 0.87 0.81 0.15 70 17 4 42 2
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In bold font, sufficient levels on parameters. Interpretation (Shear and Faust, 1980):  N = 
≤ 1.5 % = Deficiency; 1.7-2.5 % = Sufficiency; ≥ 2.8 % = Excess.  P ≤ 0.13 % = Deficiency; 0.15-
0.30 % = Sufficiency; ≥ 1.25 % = Excess. K ≤ 1.0 % = Deficiency; 1.5-2.0 % = Sufficiency; ≥ 3.1 
% Excess. Ca ≤ 0.7 % = Deficiency; 1.5-2.0 % = Sufficiency; ≥ 3.1 % = Excess. Mg ≤ 0.25 % = 
Deficiency; 0.26 a 0.85 % = Sufficiency; ≥ 1.0 % = Excess. Fe (mg/kg) ≤ 50 = Deficiency; 51-
250 = Sufficiency; ≥ 350 = Excess. Mn (mg/kg) ≤ 25 = Deficiency; 25-150 = Sufficiency; ≥ 200 
= Excess. Zn (mg/kg) ≤ 14 = Deficiency; 15-100 = Sufficiency; ≥  400 = Excess. B (mg/kg)  ≤ 
20 = Deficiency; 20-60 = Sufficiency; ≥  100 B = Excess. Cu (mg/kg) ≤ 4 = Deficiency; 5-12 = 
Sufficiency; ≥ 75 = Excess.

Table 3 shows the summary of the nutritional analysis, and figures 2 and 3 de-
scribes standardized values of the nutrient concentration obtained for 25 plots on 
the sampling date of July 15.

The statistical analyses are shown as the models obtained by the mathematical 
fitting of the data for each of the nutrients to the independent variables generated 
from the satellite data (Table 4).

Table 4 – Regression models for all nutrients and the 
independent variables generated from SPOT5 data (Source: Autors)

Nutrient Models r2 Independent variable Unit

Nitrogen Y = -2.199 X 2 + 2.964 X + 1.225 0.802 NDVI %

Phosphorus Y = 0.079 X 0.3 0.706 NDVI %

Potassium Y = -1.245 X3 + 1.139 X2 + 0.165 x + 0.439 0.711 NDVI %

Calcium Y = - 0.739 X 2 + 1.044 X + 0.301 0.762 NDVI %

Magnesium Y= -0.168 X 2+ 0.162 X + 0.161 0.689 NDVI %

Iron Y= 2.1 X 2+ 100.7 X * 7.8 0.613 SPOT5-B3 mg/g

Manganese Y = - 47.1 X 2 + 34.6 X + 24.5 0.777 SPOT5-B3 mg/kg

Zinc Y = 494.2 X 3 – 999.6 X 2 + 656.2 X+ 134.7 0.615 NDVI mg/kg

Boron Y = 127.3 X 2 – 166.2 X + 85.5 0.536 SPOT5-B3 mg/kg

Copper Y = -9.97 X 2 + 0.406 X + 1.9427 0.608 SPOT5-B2 mg/kg

3.1. EFFECTS OBSERVED IN THE ANALYSIS 
OF MACRONUTRIENTS

The concentration of total N in the leaves of the apple trees was highest in all plots 
(Figure 2) in the early part of the physiological crop cycle (starting from the last days 
of May); it subsequently decreased during the growth season, since this element is 
used in the cell division and elongation required for fruit growth. The farm plots in 
the municipalities of Bachíniva, Namiquipa, and Cusihuiriachic showed a negligible 
relationship with the N in the leaves. The sites of the municipality of Guerrero were 
recorded as having average conditions, while the rest belonged to the municipality 
of Cuauhtemoc, where the greatest concentration of foliar N was found. One can 
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appreciate the relationship between the leaf N concentration and the data obtained 
with the remote sensors regarding the biophysical characterization, due to the op-
tical properties of the green leaves, where the absorption in the red part of the elec-
tromagnetic spectrum was very high. The model that represents this relationship is 
second order, with r2 = 0.802. These effects coincide with those found by Solari et 
alli (2008), who pointed out that NDVI is widely used since it is adaptable to almost 
any condition. Deficiencies of N in apple trees are associated with vegetation index 
values of 0.2 to 0.4; the optimal N concentration (2% total N) corresponds to a value 
of 0.5 for this index and excess N to the range 0.6 to 0.92.

Trees having deficiencies of K, where values ranged from 0.20 to 0.95 NDVI. In 
relation to this, Liu & Hute (1995) suggested that the NDVI results depend on the 
hypothesis considered in relation to the structure of the problem. Other work (Amado, 
1994), in which 58 plots of apple trees in the State of Chihuahua were analyzed, showed 
that 23% of these farmlands had low levels of K, leading to the conclusion that the 
best effects of this nutrient gave an average yield (35.5 t/ha).

Calcium (Ca) deficiencies are common in the Sierra de Chihuahua and the results 
of this research indicate that 96% of the samples taken in the 25 plots had low concen-
trations of Ca. These data match those of Fallahi (1997), where low amounts of this 
element caused the presence of the condition «bitter pit», which is related inversely 
to the concentration of Ca in the fruit and directly to the levels of Mg, K, P, and N. 

With respect to the statistical models derived from the interpretation of the spectral 
signatures, the percentage of Ca in the leaf, and the NDVI, a second-order regression 
was obtained with r2 = 0.76, 0.43% to 0.70% Ca corresponding to NDVI values of 0.2 
to 0.94. These results are similar to those cited by Tucker & Sellers (1986) and Ritchie 
(2003), who - working with optical remote sensors, to measure biophysical indica-
tors and detect their spatial variability - established that most green leaves reflect or 
disperse the majority of light in the near-infrared band.

Figure 2. Y-axis, values refer to samples plots (see table 1). X-axis, standardized values of the 
macronutrient concentration of apple orchards. Data below 0 show deficiencies on plant 
of mineral element concentrations. N: Nitrogen, P: Phosphorus, K: Potassium, Ca: Calcium, Mg: 
Magnesium. Source: Autors.
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Regarding the measured concentrations of magnesium (Mg), 97.3% of them showed 
strong deficiencies of this element. This matches work which demonstrates that the 
lack of Mg causes a decrease in the synthesis of lipids (García et alli, 2008), proteins 
(Al-Obaid et alli, 2010), and carbohydrates (Carvalho & Zonette, 2004). According 
to Stiles (1994), the Mg requirements of apple trees fluctuate between 25 and 35 kg/
ha/year, of which approximately half is accounted for by the fruits. The relationship 
between the concentration of Mg and the NDVI was highly significant (r2 = 0.69), as 
represented by a second-order model. All values (about 0.20% Mg in the leaf) corre-
sponded to NDVI values of 0.2 to 0.94. The interaction of solar radiation with mol-
ecules within plant leaves controls the reflectance of the visible and near-infrared 
(280-800 nm) parts of the spectrum (Curran et alli, 2001). In our case, this indicates 
the existence of plots with strong nutritional deficiencies of Mg.

3.2. EFFECTS OBSERVED IN THE  
ANALYSIS OF MICRONUTRIENTS

Deficiencies of iron (Fe) in cultivated apple trees are not common in the zone 
of study. However, in the present work, 28% of samples manifested a deficiency of 
this nutrient (Figure 3). The relationship between the leaf Fe concentration and the 
near-infrared band of the electromagnetic spectrum (SPOT5-B3) showed an r2 of 0.613, 
as represented by an equation of the second order; leaf Fe levels from 40 to 110 mg/
kg represent sufficiency.

The analyses of manganese (Mn) showed that 62% of the soils possessed average 
amounts of this nutrient, 33% had optimal amounts, and only 5% had very high con-
centrations, so it will be hard to achieve a response to the application of this element. 
Correction of Mn deficiencies in plants will be better achieved through foliar applica-
tion or fertirrigation. The spectral index of Mn formed by the concentration of this 
nutrient and the near-infrared band (SPOT5-B3) showed a highly significant statis-
tical correlation (r2 = 0.777), when represented as a quadratic equation with a nega-
tive slope. This includes Mn values between 10 and 30 mg/kg, indicating plots with 
nutrient deficiencies which correspond to reflectivity values between 0.5 and 1.0 µm.

Regarding zinc (Zn), 93.3% of the samples represented deficiencies. The best fit of 
the data was obtained with a cubic model, with a determination coefficient of 0.61. 
However, these values are not very convincing, since a concentration of 4 mg/kg Zn 
corresponded to two values of NDVI (0.45 and 0.78).

For boron (B), 100% of the apple leaf samples were found to have a sufficient 
(and typical) concentration frrom 20 to 60 mg/kg). The correlation between the B 
concentration (mg/kg) and the reflectance in band 3 of the SPOT5 was the poorest 
of all the nutrients (r2 = 0.54).

Finally, the copper (Cu) concentration data indicate that only 6% of the apple 
plots were within the range of nutritional sufficiency while 94% had severe defi-
ciency (≤ 4.0 Cu mg/kg). The relationship between the concentration of this nutri-
ent and the red band (SPOT5-B2) fitted best a second-order model with a negative 
slope and a statistically significant coefficient of determination (r2 = 0.61).
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4. CONCLUSIONS

Nutritional deficiencies in apple trees (especially for N, P, Ca, Mg, and Fe) have 
been detected in 88% of the plots. These results reflect the field conditions that pre-
vail in Chihuahua, especially the tendency of some of the regional fruit growers to-
wards the organic production of apples, implying a decline in the addition of chem-
ical fertilizers to the soil, causing a long term decrease in agricultural production.

The use of remote sensing techniques in the nutritional diagnosis of apple 
trees is a tool with great advantages. The correlations between the concentrations 
of elements in studied crops and spectral data, obtained through mathematical 
models of the first, second, and third order, have been satisfactory. In general, a 
better relationship with the spectral data was found for the leaf macronutrients, 
particularly nitrogen.

Figure 3. Y-axis, values refer to samples plots (see table 1). X-axis, standardized values of the 
micronutrient concentration of apple orchards. Data below 0 show deficiencies on plant of 
mineral element concentrations. Fe: Iron, Mn: Manganese, Zn: Zinc, B: Boron, Cu: Copper. 
Source: Autors.
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