

  jimaging-03-00010




jimaging-03-00010







J. Imaging 2017, 3(1), 10; doi:10.3390/jimaging3010010




Article



Effect of Soil Use and Coverage on the Spectral Response of an Oxisol in the VIS-NIR-MIR Region



Javier M. Martín-López * and Giovanna Quintero-Arias





Faculty of Engineering, National University of Colombia, Carrera 45#26-85, 111321 Bogota, Colombia









*



Correspondence: Tel.: +57-310-237-3016







Academic Editors: Carosena Meola and Gonzalo Pajares Martinsanz



Received: 1 January 2017 / Accepted: 8 February 2017 / Published: 16 February 2017



Abstract

:

In this study, the spectral responses obtained from a Typic Red Hapludox (oxisol) were analyzed under different uses and occupations: Ficus elastica cultivation, Citrus + Arachis association cultivation, transitional crops, forest, Mangifera indica, Anacardium occidentale, Elaeis guineensis (18 years), Brachiaria decumbens, Brachiaria brizantha, and Musa × paradisiaca + Zea mays at the La Libertad Research Center in the department of Meta in Colombia (4°04′ North latitude, 73°30′ West longitude, 330 MAMSL). Sampling was performed with four random replicates of the horizon A and B to determine the contents of organic carbon (CO), pH, exchangeable acidity (Ac. I), cation exchange capacity (Cc), P, Ca, Mg, K, Na, sand, lime, and clay and spectral responses were obtained in the visible band (VIS), near infrared (NIR), and infrared (MIR) for each sample under laboratory conditions. A comparison was made between the obtained spectra, determining the main changes in soil properties due to their use and coverage. Variation of soil characteristics such as color, organic carbon content, presence of ferrous compounds, sand, silt, and clay content and mineralogy allow the identification of the main spectral changes of soils, demonstrating the importance of the use of reflectance spectroscopy as a tool of comparison and estimation between physical-chemical properties of the soils.
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1. Introduction


Agricultural research is often based on the study of yield of crop production, which is directly influenced by the physical, chemical and biological properties of soil, so a detailed and meticulous study of the properties of soil is considered the more effective way of establishing the necessary solutions for the agricultural development of a region. In order to be able to carry out a control and later solution to problems of crop management, the main analyses carried out in the agricultural environment are made from the study of the chemical elements found in soils. However, conventional laboratory methods prove to be slow and costly, making it difficult to obtain appropriate information from soil analyses. This justifies the need to implement alternative techniques to improve efficiency and obtain reliable data for planning and land use decision making.



A new technique based on the interaction of electromagnetic spectrum and matter with absorbance property of all materials has been developed for four decades [1]. This technology is called reflectance spectroscopy. Reflectance spectroscopy is an alternative method that can be used to reinforce conventional laboratory methods in determining the physicochemical properties of soils. Spectroscopy is known for its speed, precision, reliability, and low costs in many scientific areas, being more efficient when the analysis of a large number of samples and a representative volume of information is required. Moreover, spectroscopic techniques do not require expensive sampling procedures and are less time-consuming in pre-processing or use of chemicals that are often harmful to the environment [2]. This technique represents a fairly marked separation of conventional analytical methods because a single spectrum allows simultaneous characterization of various soil properties without the need to have several samples treated with various chemicals to isolate their specific components.



Reflectance spectroscopy employs the electromagnetic spectrum mostly between visible and infrared regions, mainly between wavelengths ranging from 400 to 50,000 nm [3,4]. For this reason, the reflectance spectroscopy can be conducted with different types of radiation depending on the study to be performed: Visible reflectance spectroscopy (VIS) when using wavelengths 400–750 nm and Near Infrared Reflectance Spectroscopy (NIRS) at 750–2500 nm [5,6]. It is also possible to use the medium infrared (MIR) at 2500–50,000 nm, and finally far infrared (FIR) with wavelengths 50,000–100,000 nm [2]. The main difference between visible, near infrared (NIR) and average (MIR) is the type of absorption, which corresponds to the fundamental bands of molecular vibrations for the medium infrared spectroscopy, whereas the absorptions in the NIR region correspond to overtones and combinations of these fundamental bands [7] and electronic excitations determine the absorption of radiation in the visible part [8].



In particular for soils, the spectroscopic technique allows the evaluation of properties such as organic matter or moisture content, including carbon content, nitrogen, clay, carbonates, cation exchange capacity [9], among others both physical and chemical properties. Several authors have demonstrated the effectiveness of NIR reflectance spectroscopy in the estimation of macro and micronutrients in soils, physical characteristics [10], and biochemical properties [11], as well as to predict maximum temperatures reached in burnt soils [12].



It is possible to analyze the vibrations of the Si–O, O–Al, Fe–O, O–H, C–H and H–N bonds, which have been related to the presence of silicates, iron oxides (Fe), aluminum (Al), calcium carbonate, and organic matter [13,14] and the overlapping of weak bands in the visible (VIS) indicate the presence of iron oxides [15]. On the other hand, [16] demonstrated that soil physical properties based on soil solid composition and surfaces such as clay content and contraction-swelling potential can be reasonably predicted using MIR spectroscopy; [17] calibrated MIR reflectance spectra to estimate soil water content to several matrix pressure heads. Viscarra [2] performed a very complete review of the different soil attributes measured by NIR and MIR spectroscopy.



The use of spectroscopy in the determination of soil properties makes it an appropriate option for the study of crop development, spatial variability and management of land use on a larger scale, complementing soil studies at the national level. In Colombia, most regions present soil maps with a scale of 1:100,000, which are insufficient for precise planning of agriculture, soil conservation, or possible land-use change, which is the main problem of degradation of soils worldwide. In Latin American countries, about 50% of the land is used inappropriately and in Colombia, the total land overutilized to a severe and moderate degree exceeds 60%, especially in agricultural activities, in areas recommended for forest protection, and production of water resources making it necessary to obtain better planning models [18]. The objective of this study is to describe the influence of different soil uses on the spectral response of an oxisol in order to infer the main changes in soil properties caused by different types of management and agricultural use.




2. Materials and Methods


2.1. Characterization of the Study Area


Soils are located in the region of the Colombian altillanura in the research center of Corpoica La Libertad (4°04′ North latitude, 73°30′ West longitude and 330 MAMSL). Ten areas were classified according to their use and coverage in which the following were identified: Ficus elastica cultivation, Citrus + Arachis association cultivation, transitional crops, forest, Mangifera indica, Anacardium occidentale, Elaeis guineensis (18 years), Brachiaria decumbens, Brachiaria brizantha, and Musa × paradisiaca + Zea mays. The climate of the region is tropical, the average relative humidity is 85%, the average minimum temperature is 21.8 °C, the average maximum is 30.7 °C, and the annual average is 26.3 °C, the average precipitation corresponds to 2700 mm, with January being the month of least precipitation with 30.1 mm, and May the highest with 422.7 mm [19]. The soils of the area come from sediments of the recent Pleistocene to the old Holocene with presence of high quartz content in the sand fraction and in the clay fraction considerable levels of kaolinite and iron oxides. Soils are located in alluvial terraces with slightly flat topography and they belong to class IV 8 according to the regional classification of use by [20]. These soils present low natural fertility due to their low levels of organic matter, they are very acidic (pH < 4.5), with a high aluminum saturation (>70%) and a low base saturation (<25%), Phosphorus (1 ppm), calcium, magnesium, and potassium, have good drainage (groundwater levels of 3.5 m in each winter) and a deficiency of minor elements with the exception of iron [21].




2.2. Characterization of Samples


The collection of soil samples is composed of four sampling points randomly selected in each study area in which soil pits of 60 cm long by 100 cm wide and 125 cm deep were made, which were georeferenced using a global positioning system (maximum error of 1 m). A total of 80 sampling points were taken, of which 50% of the points correspond to the horizon A between 0 and 0.30 m depth and the remaining 50% to the horizon B between 0.30 and 0.60 m. In Table 1 it can be observed that the geographical location of sampling soil points.



For the laboratory analyses, altered and unaltered samples were taken in rings of 5.00 cm in diameter and 3.00 cm in height and blocks of 10 cm × 10 cm × 10 cm in order to determine the physical and chemical properties of soil. Soil characterization was performed by conventional laboratory analysis where all properties were determined according to methodology described by [22]. The sand, silt, and clay (Pipette); organic carbon (Walkley Black); exchangeable acidity (Extraction with KCl 1 N); pH (potentiometer); available P (Bray II); (Atomic absorption-emission); cation exchange capacity, Na, K, Ca, and Mg (1 N ammonium acetate neutral pH); the color of the soils was also determined by means of the Munsell table.



In order to analyze the behavior between the determined properties and their relation, the data were submitted for correlation analysis by means of the Pearson coefficient for each of the two horizons of the studied soils. The classified was performed according to the ranges determined by [23], who indicates that an R = 1 means a perfect correlation; 0.8 < R <1 is a very high correlation; 0.6 < R <0.8 is a high correlation; 0.4 < R <0.6 is a moderate correlation; 0.2 < R <0.4 is a low correlation; 0 < R < 0.2 is a very low correlation and R = 0 is a null correlation. This statistical analysis was performed using the statistical program SPSS v.11 (SPSS Inc., Chicago, IL, USA) [24].




2.3. Acquisition of Spectra


The soil samples were dried at 75 °C for 24 h and subsequently screened by the 2 mm sieve. An infrared spectrometer (Field Spec 3) was used in the laboratory with a resolution of 1 nm between 400 and 2500 nm (VIS-NIR Region). The soil samples were placed on a Petri dish with a diameter of 9 cm and a thickness of 1 cm, which was placed on the infrared reading sensor. A Mug-Light was used as an active sensor, which was arranged vertically in contact with the Petri dish with its own light source. Two spectral measurements per sample were taken with a 90 degree difference in the sample base and a total of 48 scans were performed for each measurement, taking the mean of the scans as the spectrum.



For the middle infrared region, a Shimatzu FT-IR infrared laboratory spectrometer was used. Samples received the same treatment as those used in VIS-NIR, but were additionally macerated and disposed in the sample holder (1/2 cm3). The resolution used was 4 nm and a total of 48 scans were performed for each measurement. The calibration of the equipment was performed with a sample of KBR and its reflectance was measured in the same number of scans per sample.





3. Results and Discussion


3.1. Soil Properties


The studied soils are located in a high terrace of the piedmont of the Eastern Plains, their parental material comes from pliopleistocenocous alluvial sediments of the eastern mountain range [25]. In Table 2 and Table 3, it can be observed that the textural class of the analyzed soils is Franco-Argillose and the thickness of the horizon A varies approximately between 250 and 410 mm of depth, being 40% greater than the horizon B where its thickness varies between 160 and 290 mm. The pH of the studied zones varies between extremely acid (3.5–4.4) and very strongly acid (5.1–5.5), with more acid soil being present in the horizon A of the culture of Mangifera indica and less the soil present in horizon A of Brachiaria brizantha. However, the horizons A and B of the forest area present some of the lowest pH values (4.0 and 4.3), while the Citricos + Arachis association presents one of the highest pH values (4.7 and 4.8) while the Musa × paradisiaca + Zea mays association in its two horizons presents the mean value (4.5 and 4.6). These levels of acidity in soils directly affect plant growth; decrease the availability of some nutrients such as Ca, Mg, K, and P; and favor the solubilization of toxic elements for plants such as Al and Mn.



The content of organic carbon (CO) in the nine zones was low for both horizons, however the CO value was higher in the A horizon, due to the contributions of residues of vegetal material from the surface [26]. The CO decreases with depth, being lower for the B horizon except for the Elaeis guineensis crop that presents the highest CO value of all the zones. These contents are attributed to the rapid mineralization of the organic matter, as well as to the transport of fine particles by surface runoff, caused by the high precipitations of the zone.



The content of P for all soils is mainly caused by poor soil materials, soil organic matter dynamics and crop management [27]. The highest values are recorded in horizon A and mainly in the soil covered by Brachiaria brizantha and the Citrus + Arachis association, caused by the application of fertilizers in these zones, while the forest area in horizon A presents the lower values when fertililized to a lesser extent. In the B horizon of all the zones, the lower values of phosphorus are presented being this caused by the use of this compound by the plants, not allowing it to descend to the B horizon generating nutritional limitations in the crops with this depth of roots. This fact shows the necessity of the use of fertilizers rich in phosphorus and the application of amendments to avoid the fixation of the phosphorus by the aluminum.



Likewise, the high degree of acidity and the low Ca, Mg, and K content are a limiting factor for crop development. High levels of quartz, kaolinite, gibsite, ferrous compounds, and aluminum affect a decrease in nutrients for plants such as N, P, K, Ca, Mg, and some minor elements, which produce low fertility for all soils of the Colombian plain [24]. In this study, the exchangeable acidity is lower in the A horizon with the exception of the cultivation of Ficus elastica and Mangifera indica, which present the highest values of acidity in the area. According to [28], the exchangeable acidity increases as the profile is deepened, in this case being 2.9 cmol/kg the maximum value found in the B horizon, which belongs to the forest area. As for the values of Ca and Mg, these decrease with the depth of the soil being more remarkable in the calcium. The cultivation of Ficus elastica and forest both in the horizon A and B have the minimum values of calcium, which can be attributed to its little intervention. It is reported in [29] that in highly evolved and washed tropical soils as in oxisols and Ultisols, very low Ca and Mg values are found.



The ICC below 20 cmol/kg in all areas confirms that these soils have a low amount of interchangeable bases, mainly due to leaching and their base poor material. The cations that mainly influence the cation exchange processes are Ca, Mg, K, and Na (the soil bases), NH4 and Al, however in Table 4, there is no evidence of a high correlation with these variables except of CO, with which it shares a significance of 0.05. According to [30], the values obtained for CIC are characteristic of sandy soils with high quartz content, which means that if there are no charges on the particles, the cations will be removed from the profile. However, for this case these values are attributed to the low organic matter content in the horizons.



Table 4 shows the correlation analysis between the properties measured for both the A horizon and the B horizon, with highly significant positive correlations (0.01) being found between magnesium and available phosphorus, calcium, and potassium; While the available phosphorus and calcium, CO, and ICC have a positive significance at the 0.05 level. In the case of sand, it presents a negative correlation with a significance of 0.05 with clay and silt, showing that the texture of the soil is directly influenced by the sand content throughout the area, contrary to what is reported by [31] for this type of soil, where it was found that the sand and silt contents were similar and exceeded the clay content, which presented values between 21.89% and 22.09%.




3.2. Spectral Characteristics of Soils


The spectral response of soils studied in the VIS-NIR region represents a typical curve of oxisol soils, as reported by [32,33]. Figure 1 shows the spectral curves for the different types of use in the first and second horizon. There it can be evidenced that its level of reflectance is conditioned to the use and occupation to which the soil has been subjected. In these curves, there are five regions with fairly marked absorption characteristics (400, 490, 1400, 1900, and 2200 nm), where some soil properties are easily identifiable. The absorption of energy between 400 and 1000 nm is attributed to the soil carbon content and to the presence of iron oxides, especially by minerals such as hematite and goethite present in a lesser proportion in the forest area in both the first and the second horizon. The absorption characteristics in the regions around 670 and 900 nm indicate the presence of iron oxides, which can be identified due to the slight concavity present in this region. The absorption bands of 1400 and 1900 nm are attributed to the content of hygroscopic water and 2:1 minerals as vermiculite and in the bands of 2200 and 2300 nm the kaolinite content can be clearly identified, with its absorbance being lower in the area, which confirms the information obtained in the mineralogical analysis of the clay fraction, where quantities higher than 50% of kaolinite were observed for the soils, less for the forest (30%–50%). The samples showed a positive tendency, which is characteristic in soils with high sand content [34].



As suggested by [35], there are three characteristics that must be observed in a spectral curve to detect qualitative variations: reflectance intensity (albedo), absorption characteristics (depth and amplitude), and spectral shape. In these soils the similarity between the 10 curves can be identified, both in shape and position of absorption peaks, but they differ in their value of reflectance and peak depth. As the soil properties are variable according to their use and coverage, the reflectance curves and the absorption characteristics change, especially their hue, depending on the soil use.



The spectral behavior of soils varied throughout the zones with respect to modifications in the physical behavior of soil, chemical, and mineralogical properties induced by management processes. It was evidenced how the reflectance of the samples is reduced as the dark tonality of the soil increases, attributing it to the vegetal material of its surface, observing greater the reflectance of the forest zone and the smaller zone of Ficus elastica culture for the horizon A, while according to the curve of the forest area it remained the one with the highest reflectance. For curves of lower reflectance, we can distinguish three different ones. Between 350 and 1400 nm is attributed to transitional crops, between 1400 and 1900 nm to Musa × paradisiaca + Zea mays and between 1900 and 2500 nm to Ficus elastica. The changes in reflectance intensity were caused by soil texture, mainly where soils with lower sand content showed a greater amount of energy reflected in whole spectrum, caused by the higher silt contents [36]; This was verified by [37] who found that in soils with more silt, the presence of degraded material in this fraction was responsible for the increase in reflectance intensity. Likewise, the reduction of reflectance by decreasing the content of sand in acid soils is directly attributed to the faint red coloration of the chromophores such as Fe- and Al, which causes the sand to be stained by reddish particles due to precipitation of iron in the surrounding quartz grains, diminishing its black hue to dark brown.



Soils have a low reflectance in the visible and infrared regions, coinciding with those found by [38]. This fact is due to the strong absorption due to the effect of the presence of Fe3+ in lengths of less than 540 nm. While in the region of 700–1100 nm, a tenuous peak of absorbance is observed where the content of Fe oxides is evidenced, being the most pronounced curve for the Musa × paradisiaca + Zea mays and lower for the Brachiaria decumbens in the first horizon. The cultivation of Ficus elastica, transients, and forest have a very dim concavity in this region, which is why they are attributed contents of smaller ferrous compounds, while Citrus + Arachis, Elaeis guineensis and Elaeis guineensis do not present a marked concavity, attributing scarce content of iron. On the contrary, in horizon B a concave curvature in the region between 750 and 1100 nm is evidenced for all the soils, being for the forest zone and the culture of Anacardium occidentale more marked, thus determining the greater proportion of ferrous compounds. These ferrous compounds are higher due to the high precipitation of the zone, which generates a downward movement of these compounds towards the second horizon.



In Figure 1 it can be observed that, despite having a higher percentage of organic carbon, the forest zone presents a higher reflectance than that of rubber when it was expected to happen otherwise. However, this is explained mainly because the texture and the cations play a very important role in the tonality of soils and to have high correlation with the absorption peaks is the most important property for the estimation of soil parameters. Different authors claim that cations play a decisive role in increasing reflectance [39,40]. Similarly, the 2:1 mineralogy of the clays contributes to the retention of cations at interchangeable sites, thus providing greater reflectance. When comparing the curves of the first and second horizon, it can be noted that the second horizon has a higher reflectance than the first horizon and this is attributed to the greater amount of minerals present in this horizon, as well as to the minimum amount of organic matter.



In soils with low organic matter content, the main changes that occur in the spectral curves can be identified from the comparison curves between attributes. These curves allow us to observe how one characteristic varies according to another when there is sufficient positive correlation (Ca and Ac. I) between samples, based on the analysis of the main changes that occur between the most heterogeneous zones. Some chemical characteristics of soils confer greater radiation absorption properties than others. Soils with high surface cover of plants and high levels of total carbon, as well as the lower treatment with fertilizers and low values of Ca and sand allow the spectral curves to diminish their value of reflectance giving the soils dark tonalities that have repercussions in the capacity of absorption, however the soil texture plays a very important role in determining the absorption of a soil, as high levels of minerals and carbonates with clear tones increase soil albedo. In [39] a positive correlation between K and reflectance was observed, whereas [41] found that the salts increase the reflectance of the spectra, so that the contents of K increase the reflectance of the soils with higher content of this component. It can also be observed how the variation of the soil use promotes a chemical reaction, not physical, which can be observed by the differences in the visible portion of the spectrum that increases as the content of organic material and content of calcite in the surface soils increases, giving them a clearer hue.



In the studied soils, can be observed how the spectral responses in the VIS-NIR region are governed mainly by the amount and tonality of certain compounds present in the soil. The content of organic matter, sands with high content of hematite and 10 uímicas and ferrous compounds generate dark tonalities in the soils and therefore less reflectance, whereas sands and clays with high levels of quartz or kaolinite, with high levels of calcium, magnesium, and potassium generate clear colorations in the soils and therefore increase their reflectance. The above can facilitate the identification and relation of the spectra with the properties of soils, however, the soils are very heterogeneous and the result of each one is a mixture of several components that determine its tone for physical-chemical configuration of each soil.



According to [42], the MIR region of the soil spectrum possesses a number of features greater and better defined than the spectra taken in the VNIR region. The main characteristic that can be observed in all soils is the sudden fall that occurs between the 4000 and 3600 cm−1. This drop is related to the voltage vibration of O\H [13,43,44]. Many of the characteristics in the infrared medium region, especially between 3400 and 1500 cm−1, can be attributed to organic molecules, such as aliphatic hydrocarbons, aromatic compounds, carboxylic acids, amines, amides, and some phosphorus compounds and sulfur. Several authors report that each type of bond has characteristics throughout the region of the spectrum. However, the specific location within that region may depend on the other elements and the structure of the compounds it forms. In Figure 2 can observe soil dominant components and absorption peaks for the VIS-NIR-MIR region.



Some spectra have characteristics at 3530, 3450, and 3385 cm−1 possibly linked to the N–H bond or 10 uímicas [44,45]. The minimum at 2925 and 2850 cm−1 are characteristic of C–H bonds in alkyl groups [44,45]. The area between 2000 and 1500 cm−1 may be ambiguous and include both the organic components, such as amide, carboxyl, and others with C HH, COO, CO, quartz, and kaolinite common silicate minerals [45]. The region of 1500 to 600 cm−1 is where the characteristics of the fundamental vibrations of silicate minerals are found. While the following bands characterized by low reflectance (1300, 1120, 1162 and 1074 to 1048, 1100, 1150 and 1110, 1020, 950–915, 815–800, 730–673, 500–480, and 430 cm−1) are possibly related to clay minerals such as ilite, smectite, kaolinite, and minimal amounts of silica [13,46,47,48].



The adsorption bands between 1740–1698 cm−1 and 1640–1600 cm−1 indicate the presence of C\O groups which are related to soil organic matter content [49,50]. It is of great importance to know the intensity of these bands, because with these can be estimated the hydrophilic organic components. It was found in [51] that these band lengths correlate significantly with OC groups and also with soil N.



Several bands allow estimation of soil properties in the MIR region, so it is vital to analyze the absorption peaks of the spectral curves for the soils. According to [2,49,50], apart from the bands named above, some specific bands of identification can be defined for some properties can be seen in the following image.



The above image shows the absorbance values of a typical spectral curve of soil. However, the curves shown in this research shows in their vertical axis the reflectance values for each type of soil. However, these curves can be compared thanks to the absorbance points defined in the previous image correspond to the points of lower reflectance in the curves of the soils studied.



In Figure 3 the smectite (k) can be recognized in the spectral bands near 3650 and 1600 cm−1, which represent a concave curvature upwards not very pronounced for the 3650 cm−1, but for the 1600 cm−1. For the two horizons, it can be noticed that the curves with the lowest reflectance in these regions are the association Musa × paradisiaca + Zea mays, but those crops that present the highest reflectance in these bands are the Forest in the 3650 cm−1 and the Pasto Toledo to the 1600 cm−1. At approximately 1550 cm−1, the characteristic absorption valley of kaolinite can be identified. The kaolinite is found in greater proportion in all soils except for forest soils, which is why the absorption valley for this curve is more tenuous. In the other soils, it is possible to observe how there is a similarity in the shape of the curve in the two horizons, thus demonstrating that the parental material of the soil is maintained to a great extent in both horizon A and B.



Regarding the quartz, its visual is very important in the spectral curves, because it is synonymous of presence of sand. In the previous curves, it is possible to observe how the depth of the peaks in the bands near the 1800, 1100, and 950 cm−1, are smaller for the horizon B, besides being closer together, for which it is possible to verify the information recorded in Table 1 and Table 2 where it is observed that the sand values are smaller in horizon B. In the graph of horizon B one can see that the reflectance is smaller than in the one of horizon A.



Calcium-related compounds can be identified in the range of 2200 to 2500 cm−1. In this range, a downward concave curvature can be seen, that having a higher reflectance value means that it does not have a large number of these components and therefore the radiation is not very absorbed in this range. In the graphs, it is observed that rubber is the crop that has the least amount of calcium in both horizons.





4. Conclusions


The different physical-chemical interactions of the crops with soil generate several changes in soil that are reflected in their spectral behavior, increasing or decreasing the albedo of their spectra. Soils increase the amount of reflected light as a result of the aluminum and iron compounds as well as the level of calcium and quartz they possess, while soils with high levels of organic matter in their structure tend to have lower reflectance.



The soils of the forest region in both horizons represent the highest reflectance spectral response in the VIS-NIR region, due to its lighter hue, which is due to its high content of silt and potassium.



The cultivation of Ficus elástica, despite having the lowest content of organic carbon and the highest sand content, does not represent the area with the highest reflectance, since the color of the soil is modified by the interaction of the organic matter with the other chemical properties of soil, especially clays.
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Figure 1. Spectral responses of the soils studied in the VIS-NIR region horizon A and horizon B. 
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Figure 2. Vischarra Rossel (2006). Soil dominant components and absorption peaks for the VIS-NIR-MIR region: quartz (Q) as sand, organic compounds (OC), calcite (Ca), kaolinite (K), smectite (S), and (OH) characteristics of mineral water, and lattice. 






Figure 2. Vischarra Rossel (2006). Soil dominant components and absorption peaks for the VIS-NIR-MIR region: quartz (Q) as sand, organic compounds (OC), calcite (Ca), kaolinite (K), smectite (S), and (OH) characteristics of mineral water, and lattice.
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Figure 3. Spectral responses of soils studied in the MIR region horizon A and horizon B. 
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Table 1. Geographical location of sampling soil pits.







Table 1. Geographical location of sampling soil pits.







	
Use/Occupation

	
Location

	
Use/Occupation

	
Location




	
Latitude

	
Longitude

	
Latitude

	
Longitude






	
Transitory crops

	
4°03,445′

	
73°28,074′

	
Brachiaria decumbens

	
4°03,445′

	
73°28,196′




	
4°03,998′

	
73°26,674′

	
4°03,397′

	
73°28,189′




	
4°03,949′

	
73°26,726′

	
4°03,401′

	
73°28,227′




	
4°03,944′

	
73°26,793′

	
4°03,400′

	
73°28,161′




	
Ficus elastica

	
4°03,845′

	
73°26,874′

	
Citrus + Arachis

	
4°03,649′

	
73°27,446′




	
4°03,888′

	
73°26,960′

	
4°03,641′

	
73°27,485′




	
4°03,868′

	
73°26,960′

	
4°03,626′

	
73°27,568′




	
4°03,836′

	
73°26,939′

	
4°03,617′

	
73°27,605′




	
Musa × paradisiaca + Zea mays

	
4°03,617′

	
73°27,693′

	
Mangifera indica

	
4°03,423′

	
73°28,036′




	
4°03,615′

	
73°27,702′

	
4°03,444′

	
73°28,034′




	
4°03,613′

	
73°27,717′

	
4°03,448′

	
73°28,001′




	
4°03,606′

	
73°27,719′

	
4°03,423′

	
73°27,998′




	
Elaeis guineensis (18 years)

	
4°03,613′

	
73°27,755′

	
Forest cultivation

	
4°05,532′

	
73°26,580′




	
4°03,568′

	
73°27,757′

	
4°05,532′

	
73°26,592′




	
4°03,529′

	
73°27,750′

	
4°05,680′

	
73°26,587′




	
4°03,493′

	
73°27,727′

	
4°05,676′

	
73°26,579′




	
Brachiaria brizantha

	
4°03,439′

	
73°28,430′

	
Anacardium occidentale

	
4°03,385′

	
73°28,461′




	
4°03,474′

	
73°28,440′

	
4°03,382′

	
73°28,451′




	
4°03,480′

	
73°28,398′

	
4°03,395′

	
73°28,445′




	
4°03,439′

	
73°28,387′

	
4°03,393′

	
73°28,452′
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Table 2. Thickness, pH, exchangeable acidity, available phosphorus calcium, magnesium, potassium, sodium, organic carbon, sand, lime, and clay of horizon A.
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Crops

	
Thickness

	
pH

	
Ac. I

	
P Disp.

	
CIC

	
Ca

	
Mg

	
K

	
Na

	
CO

	
Sand

	
Mud

	
Clay




	
(mm)

	
(cmol/kg)

	
(%)






	
Ficus elastica

	
407.5

	
4.0

	
2.40

	
2.60

	
8.7

	
0.275

	
0.08

	
0.13

	
0.075

	
1.150

	
53.08

	
16.40

	
31.79




	
Musa × paradisiaca + Zea mays

	
332.5

	
4.5

	
1.30

	
13.40

	
7.9

	
0.648

	
0.30

	
0.17

	
0.055

	
1.175

	
47.46

	
16.55

	
36.20




	
Elaeis guineensis (18 years)

	
322.5

	
4.5

	
1.90

	
0.14

	
10.8

	
0.830

	
0.10

	
0.12

	
0.040

	
1.163

	
47.07

	
15.55

	
37.50




	
Brachiaria brizantha

	
255.0

	
5.1

	
1.40

	
45.80

	
8.6

	
1.248

	
0.72

	
0.21

	
0.078

	
1.250

	
46.21

	
17.82

	
36.07




	
Brachiaria decumbens

	
345.0

	
4.6

	
1.30

	
9.40

	
8.9

	
0.873

	
0.07

	
0.24

	
0.108

	
1.088

	
54.41

	
18.68

	
17.92




	
Citrus + Arachis

	
412.5

	
4.7

	
1.60

	
18.30

	
9.3

	
0.610

	
0.17

	
0.26

	
0.123

	
1.193

	
43.23

	
21.07

	
23.58




	
Mangifera indica

	
367.5

	
3.9

	
3.80

	
6.40

	
13.0

	
0.710

	
0.16

	
0.28

	
0.113

	
1.500

	
46.84

	
14.72

	
38.30




	
Forest cultivation

	
252.5

	
4.0

	
0.31

	
1.10

	
11.1

	
0.290

	
0.08

	
0.18

	
0.118

	
1.425

	
40.06

	
24.39

	
29.02




	
Anacardium occidentale

	
277.5

	
4.6

	
1.70

	
11.20

	
13.4

	
0.935

	
0.57

	
0.33

	
0.105

	
1.350

	
43.65

	
18.69

	
41.90











[image: Table] 





Table 3. Thickness values, pH, exchangeable acidity, available phosphate cation exchange capacity, calcium, magnesium, potassium, sodium, organic carbon, sand, lime, and clay of horizon B.
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Crops

	
Thickness

	
pH

	
Ac. I

	
P Disp.

	
CIC

	
Ca

	
Mg

	
K

	
Na

	
CO

	
Sand

	
Mud

	
Clay




	
(mm)

	
(cmol/kg)

	
(%)






	
Ficus elastica

	
240.0

	
4.5

	
1.60

	
0.14

	
8.4

	
0.220

	
0.03

	
0.08

	
0.033

	
0.803

	
51.13

	
15.43

	
37.74




	
Musa × paradisiaca + Zea mays

	
160.0

	
4.6

	
1.50

	
0.00

	
6.7

	
0.295

	
0.04

	
0.12

	
0.055

	
0.795

	
50.35

	
16.17

	
33.37




	
Elaeis guineensis (18 years)

	
215.0

	
4.5

	
2.10

	
0.79

	
10.9

	
1.215

	
0.11

	
0.14

	
0.060

	
1.625

	
54.55

	
16.30

	
31.30




	
Brachiaria brizantha

	
232.5

	
4.6

	
2.70

	
0.79

	
10.4

	
0.370

	
0.14

	
0.11

	
0.070

	
0.798

	
49.54

	
18.50

	
33.29




	
Brachiaria decumbens

	
292.5

	
4.9

	
1.60

	
0.00

	
8.2

	
0.550

	
0.03

	
0.20

	
0.125

	
0.475

	
49.57

	
17.04

	
31.22




	
Citrus + Arachis

	
192.5

	
4.8

	
0.99

	
0.00

	
11.1

	
0.763

	
0.57

	
0.59

	
0.103

	
0.868

	
39.75

	
16.90

	
43.74




	
Mangifera indica

	
237.5

	
4.7

	
2.10

	
0.14

	
8.5

	
0.328

	
0.03

	
0.18

	
0.083

	
0.795

	
40.04

	
17.06

	
38.89




	
Forest cultivation

	
182.5

	
4.3

	
2.90

	
0.00

	
8.9

	
0.240

	
0.05

	
0.13

	
0.103

	
0.675

	
33.39

	
23.58

	
37.87




	
Anacardium occidentale

	
217.5

	
4.5

	
2.70

	
0.57

	
11.1

	
0.405

	
0.12

	
0.26

	
0.088

	
0.855

	
58.18

	
18.37

	
15.91
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Table 4. Pearson correlation for the physicochemical properties of soils with different uses and coverages. * The correlation is significant at the 0.05 level (bilateral); ** The correlation is significant at the 0.01 level (bilateral).
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Crops

	
Thickness

	
pH

	
Ac. I

	
P Disp.

	
CIC

	
Ca

	
Mg

	
K

	
Na

	
CO

	
Sand

	
Mud

	
Clay




	
(mm)

	
(cmol/kg)

	
(%)






	
Thickness

	
1

	
−0.278

	
0.101

	
0.268

	
0.085

	
0.138

	
−0.055

	
−0.022

	
0.230

	
0.381

	
0.175

	
−0.126

	
−0.237




	
pH

	

	
1

	
−0.365

	
0.432

	
−0.333

	
0.405

	
0.445

	
0.227

	
−0.052

	
−0.388

	
0.013

	
−0.138

	
0.038




	
Ac. I

	

	

	
1

	
−0.190

	
0.273

	
−0.128

	
−0.256

	
−0.188

	
−0.026

	
−0.034

	
0.139

	
−0.252

	
0.038




	
P Disp.

	

	

	

	
1

	
−0.097

	
0.577 *

	
0.685 **

	
0.105

	
0.096

	
0.336

	
−0.050

	
0.054

	
−0.016




	
CIC

	

	

	

	

	
1

	
0.337

	
0.309

	
0.460

	
0.313

	
0.539 *

	
−0.088

	
0.061

	
0.135




	
Ca

	

	

	

	

	

	
1

	
0.625 **

	
0.331

	
0.031

	
0.576 *

	
0.152

	
−0.251

	
0.070




	
Mg

	

	

	

	

	

	

	
1

	
0.611 **

	
0.110

	
0.289

	
−0.228

	
−0.049

	
0.389




	
K

	

	

	

	

	

	

	

	
1

	
0.518 *

	
0.074

	
−0.256

	
0.000

	
0.154




	
Na

	

	

	

	

	

	

	

	

	
1

	
0.020

	
−0.358

	
0.548 *

	
−0.246




	
CO

	

	

	

	

	

	

	

	

	

	
1

	
0.088

	
−0.016

	
−0.005




	
Sand

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.531 *

	
−0.566 *




	
Mud

	

	

	

	

	

	

	

	

	

	

	

	
1

	
−0.276




	
Clay

	

	

	

	

	

	

	

	

	

	

	

	

	
1
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