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Abstract

:

The search for sustainable land use has increased in Brazil due to the important role that agriculture plays in the country. Soil detailed classification is related with texture attribute. How can one discriminate the same soil class with different textures using proximal soil sensing, as to reach surveys, land use planning and increase crop productivity? This study aims to evaluate soil texture using a regional spectral library and its usefulness on classification. We collected 3750 soil samples covering 3 million ha within strong soil class variations in São Paulo State. The spectral analyses of soil samples from topsoil and subsoil were measured in laboratory (400–2500 nm). The potential of a regional soil spectral library was evaluated on the discrimination of soil texture. We considered two types of soil texture systems, one related with soil classification and another with soil managements. The soil line technique was used to assess differentiation between soil textural groups. Soil spectra were summarized by principal component analysis (PCA) to select relevant information on the spectra. Partial least squares regression (PLSR) was used to predict texture. Spectral curves indicated different shapes according to soil texture and discriminated particle size classes from clayey to sandy soils. In the visible region, differences were small because of the organic matter, while the short wave infrared (SWIR) region showed more differences; thus, soil texture variation could be differentiated by quartz. Angulation differences are on a spectral curve from NIR to SWIR. The statistical models predicted clay and sand levels with R2 = 0.93 and 0.96, respectively. Indeed, we achieved a difference of 1.2% between laboratory and spectroscopy measurement for clay. The spectral information was useful to classify Ferralsols with different texture classification. In addition, the spectra differentiated Lixisols from Ferralsols and Arenosols. This work can help the development of computer programs that allow soil texture classification and subsequent digital soil mapping at detailed scales. In addition, it complies with requirements for sustainable land use and soil management.
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1. Introduction


Brazil is one of the world’s largest producers of agricultural goods. Sustainable land use is the basis to ensure soil quality. The increasing demand for food and renewable energy sources has required intensive land use, which in turn promotes disorderly land occupation, often driven by economic factors. This occupation may affect soil quality and compromise its potential for agricultural use.



Thus, detailed knowledge of pedological classes through mapping associated with climate information plays an important role in land use planning. This information provides the basis for the development of agricultural projects by identifying suitable areas for agricultural crops and contributing to soil conservation. In addition, it gives technical classification of soils (agricultural capacity, and land use capacity) [1].



In Brazil, the existing soil maps were based on exploratory or recognition levels, with few areas surveyed with large scale. In fact, Mendonça Santos and Santos [2] indicate that soil surveys at semi-detailed to detailed levels correspond to approximately 0.25% of the Brazilian territory.



New pedological mapping techniques have evolved in recent years, following the evolution of soil classification systems in Brazil [3,4] and the world [5]. Among the new techniques used, remote sensing (RS) stands out as an auxiliary tool in soil recognition at land [6], aerial and orbital levels [7]. The spectral behavior of soils is directly linked to its chemical, physical, biological and mineralogical composition, where contents of organic matter (OM) and iron oxides, mineralogy of the clay fraction, in addition to the particle size and moisture, influence spectral responses [8]. In this respect, the soil has also been studied by a technique called Proximal Sensing (PS) [9]. Proximal Soil Sensing refers to data acquisition from the development of sampling schemes and high resolution sensor data.



Remote sensing has been used in various fields of study in soil science, such as quantification of attributes [6,10,11,12,13,14,15,16,17,18], among others. A recent literature review performed by Soriano-Disla et al. [19] indicates several works in this field.



Spectral studies require data organization at regional or continental levels through spectral libraries for optimization. Efforts have been made to develop spectral libraries in Brazil [20] and the world. An example is the preliminary spectral library of soils organized by Van Reeuwjik [21] in various countries (Africa, Asia, Europe, North America and South America) that used spectral data of soils in the Soil Information System (ISIS) of the International Soil Reference and Information Centre (ISRIC). Subsequently, Viscarra Rossel and Webster [22] developed a spectral library of soils of the Australian continent. The USDA [23] organized the library of North American soils and Stevens et al. [24] produced the library for European soils, named LUCAS. However, as indicated by Nocita et al. [25], these libraries can be optimized through a suitable treatment of spectral data in laboratories.



From several soil attributes, texture is one of the most important one, since it plays with water and chemical elements. In addition, this attribute is used for soil classification. Usually, it is determined by the particle size analysis traditionally performed in laboratories. Nevertheless, demand for data on soil attributes is increasing and requires data optimization. The soil particle size influences decisions about the proper use and handling of agricultural land. This feature can be discriminated by reflectance spectroscopy, allowing individualization of different particle size classes.



Differentiation of soil spectra through the particle size analysis can assist in determining physical and chemical properties conditioned by soil texture, such as mineralogical composition, iron oxide and OM contents, among others [6,10,11,12,13,14,15,16,17,18]. Clayey soils have spectra characteristically flatter in the infrared region due to the high absorption caused by iron oxides and OM. Thus, the prediction models of clay values and soil textures can assist soil characterization, classification and identification and may optimize laboratory analyses.



Due to its specificity and associations with physical and chemical attributes, soil texture is an important attribute in determining Land Use and Management Brazilian Technical Classifications (LBTC). It is well known that there are several soil attributes in soil classification, where texture is one of the most important. However, few studies have used a large database to quantify particle size fractions in tropical soils. At once, discussions on how to use these spectral libraries to achieve a soil attribute, is still under debate. Thus, assessment of soil texture by the spectroscopic analysis and soil spectral libraries can support digital mapping.



This study aimed to determine the differences between spectra related with changes in particle sizes. We evaluated soil texture classification using a regional spectral library, representing the tropics. In addition, we aimed to generate a prediction model to quantify soil texture and evaluate its usefulness in pedological classification. This work can be used for the development of computer programs for classification of soil texture at detailed scales used in digital soil mapping, complying with requirements for sustainable land use.




2. Materials and Methods


2.1. Location of the Study Site and Sampling Points


The study site is located in São Paulo State near the municipalities of Jaboticabal and São Carlos, between the coordinates UTM (Zone 22S, Datum SIRGAS 2000) from 731,000 to 830,000 m and 7,630,000 to 7,535,000 m. The entire site was divided into Areas I, II and III by location, where Area I is in the north, Area II is in the center and Area III is in the south of the sampling site (Figure 1).



Sampling points were marked in the study site using the topossequence method in order to cover all variations of soil classes represented in the region. Traditionally, topossequence soil samples goes from higher to lower altitudes. The initial work was represented by the sampling points in the Central area, called in this work as Area II. Later, it was possible to extend the sampling points to the areas called North (Area I) and South (Area III). For this reason, some sampling points from North (Area I) are located in both areas, but with a predominance in Area II. The sampling points were geographically located through the GPS-PRO-XR sub-metric system.



The samples were collected through boreholes in all sampling points, at depths 0–0.2 m, 0.4–0.6 m and 0.8–1.0 m, duly identified and forwarded for laboratory testing. The first sampling depth corresponds to the surface horizon (A), the second depth, to the transitional horizon and the third depth, to the subsurface horizon (B) of soils. The undersurface sampling is to represent the horizon B, since this is its position in this region (about 0.8–1.00 m). Due to the variability of soil classes, 3752 samples were collected, 67 in Area I, 910 in Area II and 2775 in Area III.




2.2. Assessment of Textural Groups of the Soils Studied


2.2.1. Particle Size and Spectroscopic Analyses of Soil Samples


The particle size analyses (textural analysis) of the TFSA fraction of soil samples were conducted using the Densimeter Method, also known as the Bouyoucos Method [26].



Reflectance spectroscopy was performed using a Fieldspec 3 (ASD Inc., Boulder, CO, USA) sensor Inc. with spectral resolution of 1 nm, covering wavelengths between 350 nm and 2500 nm (VIS-NIR-SWIR). For data collection, samples were oven-dried at 45 °C for 24 h, milled and sieved (2 mm). Later, the samples were placed on petri dishes and distributed homogeneously on a flat surface to perform the readings. Two halogen lights (50 W) were used as light source. The lights were placed at 90° from each other, 35 cm away from the sample and Zenithal angle of 30° with non-collimated beam to the plan in question. An optic-fiber cable placed at 8 cm from the sample surface captured the light, which was measured using reflected energy over an area of approximately 2 cm2 in the center of the sample. Reflectance for each sample was the result of the average of 100 sensor readings. The instrument was calibrated every 20 min with a white spectralon plate, calibrated at 100% reflectance.




2.2.2. Assessment of Textural Groups


The database was organized into textural groups, considering Brazilian Soil Classification System (SiBCS) [4], and according to the management land use information developed by Demattê and Demattê [1].



Based on SiBCS, the textural groups were subdivided into the following classes: (1) Sandy (clay contents < 150 g·kg−1); (2) Average (clay contents between 150 and 350 g·kg−1); (3) Clayey (clay contents between 350 and 600 g·kg−1); and (4) very clayey (clay contents > 600 g·kg−1). On the other hand, following the management practices the classes were more subdivided into: (1) Very Sandy (clay contents < 100 g·kg−1); (2) Sandy (clay contents between 100 and 150 g·kg−1); (3) Average Sandy (clay contents between 150 and 250 g·kg−1); (4) Average Clayey (clay contents between 250 and 350 g·kg−1); (5) Clayey (clay contents between 350 and 600 g·kg−1); and (6) very clayey (clay contents > 600 g·kg−1).



We averaged the spectra within each textural class for evaluation. Later, the responses were plotted on reflectance (%) vs. wavelength (nm), resulting in spectral curves of each textural class.




2.2.3. Particle Size Assessment vs. Spectral Data


The soil line is highly used to check for variations in soil characterization and conditions of environments where soils are located [27]. Some vegetation indices are based on soils exposed in a two-dimensional graph, formed by a band in the visible infrared vs. a band in the near infrared, and the indices occur approximately on a line known as the soil line. The amount of vegetation in the studied site is then proportional to the Euclidean orthogonal distance in the two-dimensional graphics mentioned above, between the vegetation and the soil line [28]. Conversely, the Euclidean distance based on vegetation indices has its orthogonal complement content related to the optical properties of soils for small amounts of vegetation [29]. Thus, reflectance values for exposed soil plotted on a two-dimensional graph, formed by a band of the electromagnetic spectrum in the visible range vs. a band in the near-infrared range, occur near the soil line. The use of the soil line as a technique for digital information processing has been quite widespread used.



Soil lines were designed to assess the differentiation between distributions of textural soil classes grouped into the SiBCS [4], and the LBTC [1]. Therefore, the XY graphs were generated, where the x-axis corresponds to the spectral response of average readings within the wavelength range equivalent to band 3 of Landsat TM (630 nm to 690 nm). The y-axis represents the spectral response of average readings within the range corresponding to band 4 of the same sensor (760 nm to 900 nm). Plotted points that are very close to the soil line indicate that the samples represent only the soil. When the dispersion of graph points is approximately within a range along 45° in relation to the x-axis with R2 values near value 1.0, is also soil information. Another scatter plot between Landsat 5 (1550–1750 nm) and 7 (2080–2350 nm) bands was performed to evaluate differences between soil textures.





2.3. Quantitative and Descriptive Spectral Assessment


The data were evaluated in two stages: (a) descriptive assessment approach (shape, intensity and curve features) [30,31]; and (b) statistical approach, through multivariate statistical analyses. To generate the prediction model of soil texture from the database, we performed the principal component analysis (PCA) and the partial least squares regression (PLSR), using Unscrambler software [32].



2.3.1. Assessment of Principal Component Analysis (PCA)


The soil database is composed by 3750 samples with spectral data in 2151 bands. In order to select relevant information, the data of each sample were transformed into a group of independent values using the PCA [33,34]. The PCA can determine data variability to check for existing relations of covariance within the set of original variables. Afterward the system can regroup the original data into a new and smaller set through transformations that generate new variables [35]. The main objective was to summarize the content of the original data, eliminating redundant information. This technique performs a long series of matrix operations [33].



Spectral data and contents of sand, silt and clay were transformed into the ASCII format to be imported into the Unscrambler [32]. This program offers several options for data treatment to optimize the PCA. Various treatments were tested and the sequence that better featured the results in the transformation, in accordance to Franceschini et al. [36], as follows: first, spectral transformation of reflectance data for absorbance; second, spectral data processing by SNV (Standard Normal Variate); third, transformation of spectral data by MSC (Multiple Scattering Correction); and, fourth, data smoothing by applying the Savitzky–Golay filter with second-order polynomial.



Afterwards, the PCA was conducted using the cross-validation methodology with random sampling through 20 segments with one sample per segment and the complete model with centralization of spectral data through 20 PCs (Principal Components). The PC1 and PC3 were used in the analyses where PC1 represented 62% and PC 316%, respectively, of the samples studied and the PCA with spectral data of these PCs showed better results of scores that summarize the quantification of the variations between the spectral samples and loadings, which represent parts of the spectrum where such variations occur.




2.3.2. Prediction Models for Soil Attributes


We used PLSR through the Unscrambler software applying PSL1 that matches the version of the PLSR method with only one variable [33] to generate the prediction models of clay and sand contents in the soil database. Models were developed to predict clay and sand contents to verify their effectiveness. Similar to the PCA, several treatments were tested to obtain models that were statistically significant and adjusted. We compared the performance of PLSR, evaluated by means of higher determination coefficients (R2), standard deviation (RPD) the root of the mean square error (RMSE). After tests of treatments, the PLSR analyses were carried out by selecting the following treatments: (a) Treatment 1, no treatment of spectral data; (b) Treatment 2, transformation of the spectral data in first derivative of Savitzky–Golay + data smoothing by applying Savitzky–Golay filter; and (c) Treatment 3, spectral transformation of reflectance data for absorbance.



The calibration model was performed using 70% of the samples in the database, while 30% of were used for validation. The division of the samples in these groups was carried out randomly (Terra et al. [9]). The PLSR model was performed several times, but always using 30% of samples selected randomly by the Unscrambler. The best accuracy of the model was achieved with converging the spectral data in the main components with a higher ratio to the total of the samples studied, using 20 PCs (Principal Components).



In the model validation process, some parameters were calculated to indicate their performance, which allowed generating a model with determination coefficients (R2), standard deviation values of the error (RPD) and values of root mean square error (RMSE) (Equations (1)–(3)).



The determination coefficient (R2) was calculated by Equation (1):


    R 2  =      ∑  i = 1  n    (    y ^  i  −   y ¯  i   )  2      ∑   i = 1  n    (   y i  −   y ¯  i   )  2      



(1)




where ŷi is the estimated values by the model; yi is the observed values; ӯi is the average values; and n is the number of observations of model variable.



The standard deviation values of the error (RPD) were calculated by Equation (2):


   R P D =     s d   S E P     



(2)




where sd is the standard deviation of the data analyzed; and SEP is the standard error of prediction.



The square root of the mean error (RMSE) was calculated by Equation (3):


   R M S E   =      1 N        ∑   i = 1  N    (    y ^  i  −   y ¯  i   )  2    



(3)




where N is the number of samples used in the prediction; and ŷi and yi are the values of predicted and measured soil properties, respectively.



To assess the wavelengths with the greatest contribution to predict soil attributes, we used PLSR algorithm [33] performed in “The Unscrambler” software [32]. The software calculates a coefficient called “b”, which presented a value for each spectral band. The closer to zero, the smaller the influence of the band on the statistical model, as indicated:


   b = W   (  p T  × W )   − 1   × q   



(4)




where b is the regression coefficients; W is the weight of each of the regions of the spectrum; p is the matrix of a column (loadings reflectance); and q is the matrix of a column and a row (a single value, loading the attribute.



Therefore, it is possible to develop the regression equation (Equation (5)) according to the selection of the bands.


   Y =    b 0  +     ∑   i = 1  n   (   R i    ×    b i   )    



(5)




where b0 is the correction factor; Ri is the regression coefficients for each spectral region; and bi is the reflectance in each spectrum region.



Chang et al. [35], for comparison purposes, classified prediction models into three quality categories, considering the prediction reliability for the RPD (ratio of performance to deviation) values: (1) values greater than 2.0 represent excellent models that can accurately predict the attribute under evaluation; (2) values between 1.4 and 2.0 are indicative of reasonable models that can be improved; and (3) values below 1.4 correspond to unreliable models. Stenberg et al. [37] found an average value around 1.8 by evaluating several scientific studies.




2.3.3. Assessment of Attribute Prediction Model-Descriptive Statistical Analyses


Descriptive statistical analyses were performed to assess the contents of clay, silt and sand predicted by the models with Treatment 3 (PLSR3): transformation of spectral reflectance data to absorbance and PLSR with Treatment 1 (PLSR1): without treatment of spectral data for the analyzed/measured values of clay, silt and sand.




2.3.4. Ternary Diagrams of Textural Classification Ofsoils: Real vs. Espectral Values


In order to evaluate the results obtained by the prediction models for contents of clay, silt and sand, measured and predicted data were plotted. In this matter, we correlated models elaborated by the PLSR regressions with Treatment 3: PLSR3, spectral transformation of reflectance data for absorbance; and PLSR1 with Treatment 1: without data processing for analyzed/measured values of clay, silt and sand.





2.4. Spectral Soil Classification


We determined an automatized system to classify soils by their spectral behavior. A “hyperspectral” system was used based on principal components acquired from the spectra between 350 and 2500 nm. We used the linear discriminant analysis (LDA) [38]. This method can determine linear combinations to maximize differences between soil classes. The accuracy of the models was accessed by the reclassification of observations. All analyses were processed in the R program [39]. We performed three types of analyses: (1) discrimination of Ferralsols (LV), Lixisols (PV) and Arenosols (RQ); (2) discrimination of texture classification of Ferralsols and Arenosols; and (3) discrimination of texture classification of Lixisols. For that, we inserted the spectra of soil samples from death 0–0.2 m and 0.8–1.0 m, which correspond to horizons A and B, respectively, into a spectral soil library the system.





3. Results and Discussion


3.1. Assessment of Textural Groups of the Soils Studied


The tropical soils studied showed high variation in the particle size classes with sandy to very clayey texture. In general, the soils presented low silt contents and were classified as developed soils at an advanced weathering stage. The predominance of clay or sand constituted the origin materials of these soils, which comprise diabase, gabbro and basalts of the Serra Geral Formation and sandstones of the Bauru and/or Botucatu Formation [40].



The soil samples were ordered by the simplified textural group according to SiBCS [4] and the system used in the management of land use (Figure 2a,b). The texture classes from each group were represented by the average of spectral responses from 350 to 2500 nm. Therefore, it was possible to generate individualized spectral curves for different classes and textural groupings.



The grouping of textural classes in the LBTC featured higher reflectance values for the very sandy class in comparison to the sandy one of the simplified classification in the SiBCS. This variation is due to the average values used, in SiBCS. Sandy soil classes have clay contents <150 g·kg−1; on the other hand, following the LBTC sandy classes were subdivided into Very Sandy (clay contents < 100 g·kg−1) and Sandy (clay contents between 100 and 150 g·kg−1). When reflectance of soils with clay content is >100 g·kg−1 and >150 g·kg−1, the average reflectance values are diluted and give a false interpretation that the highest reflectance value of sandy soils is roughly 0.35%, while in classes of individual texture in very sandy and sandy management systems, reflectance values are greater than 0.40%. These high reflectance values are associated with the mineralogical constitution of sandy and very sandy soils, where quartz is the main mineral in the sand fraction. Quartz is a mineral with low absorption and consequently presents high reflectance of electromagnetic radiation.



Clayey and very clayey classes, with equal clay content in both groups, showed low reflectance values of about 12%. This is due to the mineralogical composition of these soils with occurrence of Fe oxides. The soil classes occurring in the study site showed differences in the evolution degree, which reflects directly on silicate soil mineralogy. In fact, very clayey soils are the most developed ones (Ferralsols = Latosols) because the morphology of spectral curves shows predominance of Fe oxides, kaolinite and gibbsite (Figure 2). Medium-textured soils, in turn, present more developed water absorption peaks. In sandy soils, water peaks are also pronounced, showing clay-mineral association 1:1 or hygroscopic minerals.



The textural grouping adopted by management systems, which encompass six classes of soil texture (Figure 2b), is the most indicated for planning sustainable agricultural activities. The individualization of more textural classes reflect distinct soil behaviors for land use and occupation and for the adoption of techniques for soil and water conservation. Although more than two textural classes were created, they were duly differentiated.



The behavior of the spectral curves (Figure 2a,b) according to texture showed features similar to those described by Stoner and Baumgardner [41] and Demattê [30]. As the sample contains less clay and silt, and is, therefore, sandier, there is an increase in reflectance in SWIR. This is due to the presence of quartz that reflects energy within this band [20,30,36,41]. Throughout the spectrum, particularly in the VIS-NIR range, reflectance remains low, due to the presence of OM and Fe oxides that absorb energy in this range.



The angular variation (Figure 3a) advocated by Demattê [30] showed the angular change along the spectra (VIS-NIR-SWIR) caused by the double action of OM + Fe oxides (VIS) and quartz (NIR-SWIR). In Figure 3b, spectral curves of a very sandy and a very clayey soil sample were resampled to the spectral resolution of the Landsat TM 5 sensor for illustration.



Spectroscopic Analyses of Soil Samples


The soil line is a spectral evaluation method widely used to verify if the soil is bare [42,43,44]. The method preconizes a scatter plot between bands 3 and 4 of Landsat TM 5 (Figure 4a,b) as well as between bands 5 and 7 (Figure 5a,b). Figure 3b presents the angular alteration due to granulometric variation, allows understanding how soil attributes may present variations in the representative graph of reflectance vs. wavelength. A sandy soil displays greater variation between bands 3 and 4, while is lower for clayey soils. Bands 5 and 7, in turn, do not cause angular changes, but cause intensity alterations.



Resampled spectra in the soil line via bands 3 and 4 (Figure 4a,b) feature presents angular variation from clayey to sandy soils, and are also described by Demattê [30] and Nanni and Demattê [44]. This occurred both in the group classification of SiBCS [4] and Land Use and Management Brazilian Technical Classifications. On the other hand, the greater specification of particle size in the LBTC showed better spectral discrimination of its textural classes. The angular variation is related to quartz action at the end of the visible band, in accordance to Nanni and Demattê [44], for tropical soils.



Clayey soils are positioned at the bottom of the chart (Figure 4a,b and Figure 5a,b). This is because these soils feature have smaller particles, which reflect less energy, in addition to greater energy absorbed by the components of this fraction (mainly Fe oxides). In contrast, samples with less clay and more sand reflect more and they are placed at the top of the chart, as reported by Stoner and Baumgardner [41] and Demattê [30] (Figure 4a,b and Figure 5a,b).



The use of two SWIR bands (5 and 7) provided better results than the soil line using bands 3 and 4 of Landsat. This is attributed to the greater sensitivity of spectral response within these wavelength ranges, since band 5 represents mainly the moisture content of vegetation and soils, while band 7 features sensitivity to terrain morphology providing information on the substrate (soil and geology), allowing identifying minerals with hydroxyl ions.



Therefore, the XY graphs (band 5 vs. band 7) are represented better by the soil line than textural classes, since it represents soil constitution (Figure 5a,b). Indeed, band 5 also has an important relationship with quartz mineral.



Individualization of soil textural classes by means of spectroscopy at VIS-NIR-SWIR has been observed and reported by various authors and in Brazilian soils, such as Demattê and Garcia [6], Nanni and Demattê [14], Ferraresi et al. [45], Vendrame et al. [46] and Franceschini et al. [36], among others. This individualization was corroborated in our study. On the other hand, the differentiated product obtained from this study was the distinguished individualization of textural soil classes according to the classification system adopted. The textural classification by management systems, which covered six classes, was the most suitable to plan sustainable agricultural activities.





3.2. Quantitative and Descriptive Spectral Assessment of the Soils Studied


3.2.1. Principal Component Analysis (PCA)


The results of the PCA are shown in Figure 6 through the chart of scores of PC1 vs. PC3, which constituted the PCs (Principal Components) with greater rates in the samples studied. PC1 represented 62% and PC3, 16% of the samples studied. The graph of scores showed that the spectral data were grouped according to their textural classes, represented by the PCA grouping.



The PCA dispersion presented sequential distribution of spectra of clayey and sandy classes, as reported by Sørensen and Dalsgaard [47], Ferraresi et al. [45] and Franceschini et al. [36]. Some points overlap between classes due to other soil attributes that influence the spectrum, such as OM and Fe oxides (Figure 6).




3.2.2. Prediction Models of Soil Attributes


The model that received Treatment 3 showed the best results for the quantification of sand and clay contents, reaching 0.93 and 0.96 of R2, respectively (Figure 7a,b). The modeling procedure using absorbance of spectral data rather than reflectance proved to be more efficient, in agreement with Franceschini et al. [7,36] and Demattê et al. [31]. According to Sayes et al. [48], these R2 indicate excellent quantitative models for prediction of soil attributes. Viscarra Rossel and McBratney [49] stated that the average value of R2 for cross-validation of this attribute is about 0.76, using data at VIS-NIR wavelength. Viscarra-Rossel and Behrens [50] used several statistical algorithms and obtained R2 between 0.88 and 0.77 for clay.



Treatment 3: PLSR3, transformation of spectral reflectance data to absorbance, reached RMSE (root mean square error) values of 83.8 for sand in the model calibration. Validation indicated that predictions could show a mean error of 8.38% in relation to the measured one. Stenberg et al. [36] evaluated the results of 22 scientific works that were performed in different geographic regions and indicated an RMSE average of 5.7% for clay prediction. This value is lower than that found in this study. Viscarra-Rossel and Behrens [50] obtained RMSE 6.42% to 9.44% and only the latter value was higher than that obtained in this study. For sand prediction, RMSE was 132.7 in the calibration and 139.1 in the validation, which can be considered indicative of good performance (Figure 7a,b), according to Viscarra-Rossel and Behrens [50], R2 also indicated good performance in agreement with Williams [51]. The performance of the model to predict clay and sand values is also demonstrated by the descriptive statistics presented in Table 1.



The spectral bands that showed greater weight in clay quantification were at 516, 880, 995, 1117, 1413, 1874 and 2204 nm (Figure 2a,b). The band at 516 nm was related to Fe oxides [6] and bands at 1413 and 1874 nm referred to hygroscopic water retained by clay minerals [52,53]. In addition, we observed a feature related to kaolinite (2204 nm). Viscarra Rossel and Behrens [50] created prediction models for clay in Australian soils based on VIS-NIR spectrum and identified bands similar to those found in this study at 608, 988, 1392 and 2208 nm. The authors also considered important the wavelengths at 1908, 2184, 2236 and 2432 nm. Ben-Dor and Banin [54] obtained similar results and observed that the most important bands for clay calibration are related to hydroxyls and hygroscopic water, linked to Mg, Al and Fe in the crystal structure of clay minerals.



According to Chang et al. [35], 3.17 of RPD for clay shows excellent performance. Thus, the prediction for clay and sand content obtained in this study is compatible to those reported in other works. For instance, Shepherd and Walsh [10] and Viscarra-Rossel et al. [55] obtained R2 0.85 and 0.78, with RMSE 75.0 g·kg−1 to predict clay content in soils of Africa and Australia, respectively. In studies conducted in Brazil, Demattê and Garcia [6] obtained R2 0.90 for soils of Paraná State. Nanni and Demattê [14] obtained R2 0.92 and 0.80 for clay and sand contents, respectively. Ferraresi et al. [45] reached R2 0.85 for clay content quantification and 0.87 for sand in São Paulo and Goiás States. In regional sampling of Latosols (Ferralsols) of the Brazilian Cerrado, Vendrame et al. [46] found 0.83 and 0.74 of R2 for calibration and validation to determine clay content. In Mato Grosso do Sul State, Franceschini et al. [36] obtained satisfactory quantification for clay (R2 = 0.92 and RPD = 3.59), silt (R2 = 0.80 and RPD = 2.15) and sand (R2 = 0.87 and RPD = 2.62). Therefore, quantification of clay, sand and silt contents by reflectance in VIS-NIR-SWIR spectroscopy can be considered an efficient methodology, provided there are controlled sampling and reliable analytical and spectral data arranged in a spectral library representative of soils in a given region.



Descriptive statistical analyses were performed to assess contents of clay, silt and sand predicted by the quantification model that presented the best results of R2 and RMSE, corresponding to the model with Treatment 3 in the spectral data. The average contents of clay, silt and sand in the two particle size compositions are very similar, with low values of standard error (Table 1).



The statistical parameters show the effectiveness of the generated prediction model for the clay content in Treatment 3 (Table 1). Observe that the measured and predicted clay were 274.49 and 272.06 g·kg−1, respectively, a very close match. The same occurred with silt and sand. The standard error was low, around 2. Cantarella et al. [56] studied variations between laboratory analyses and concluded that a range of 20% would be acceptable. Demattê et al. [57] used this type of comparison between laboratory and spectroscopy measurements and concluded that most results were within the indicated range. In the present study, the difference in the case of clay was 1.2%, thus within the 20% range (Table 1). These indicate that the models reached very close results to laboratory information.




3.2.3. Ternary Diagrams of Textural Classification of Soils: Real vs. Spectral Values


Ternary diagrams were performed for the soil textural evaluation (Figure 8a, measured values; and Figure 8b, predicted values). Sand and clay were determined by spectra as silt by their difference and inserted in the diagrams. The assessment of predicted values was performed by Treatment 3 (regression of 0.93 and 0.96 for clay and sand, respectively). We observed similarity of samples distribution and their corresponding textural classes (Figure 8a,b). Most similarity is concentrated for sandy soils moving towards clayey ones.



On the other hand, laboratory measurements presented some slight differences on path distribution of the ternary graphic (Figure 8a,b). When we reach about 50% of clay, seems that predicted values did not attempt to the measured ones, and spectra can be underestimating values at these texture classifications. This matches with statistical observation at Figure 7a. Clayey soils from these areas have greater amount of ilmenite and magnetite, since are developed from basaltic rocks. These components occur in soil sand and silt fraction, and have very low spectra because absorbs energy (Figure 8c). A possible explanation would be that over certain value of clay (about 500 g·kg−1, 50%), the spectra starts to be extremely similar, because of saturation, and the spectra diminish its sensitivity. In fact, Figure 2b and Figure 4a show this similarity. Indeed, Figure 6 shows a strong overlap between the spectra of these two textural classes on soil line, as well. Thus, spectra can have lower sensitivity on the quantification of soils with these mineralogies, when have high values of clay. A stronger evidence of this fact is corroborated by Cezar et al. [58]. These authors observed that small amounts of magnetite can masks other components. Figure 8c illustrate magnetite spectra as compared with a clayey soil with opaque mineral.



In addition, we observe that for very sandy samples happened the opposite (Figure 8a,b). Many observations were overestimated when are very sandy, which also has support from the model presented at Figure 7b. Thus, predicted values filled the corner of sandy texture (when values of sand goes higher, plots goes ‘down’ in the graphic). If on one hand the area has soils developed by basalt, on the other hand, we have sandstone as well. In this case, samples with high amount of quartz, which has high reflectance (Figure 8c) can improve saturation on reflection. Figure 8c illustrate quartz spectra as compared with a sandy soil. Silt was calculated as the difference of predicted sand and clay, and shifted its position in the figure. These are the first findings in this matter. Thus, despite these possibilities, we state the necessity of new evaluations of spectral quantification of very clayey and very sandy soils with this mineralogy.





3.4. Soil Spectral Classification by Textural Information


We inserted into the LDA, the spectra of both depths (respective to horizons, A and B) of each observation, classified as Ferralsols (LV), Lixisols (PV) and Arenosols (RQ) (Figure 9a). Each soil unit (i.e., Ferralsols and Lixisols) can have different textures and are presented in Figure 9b,c. The objectives of these analyses are: (a) to distinguish soil classes; and (b) to distinguish soil classes in function of their textural class. The discrimination of soil classes indicated 73%, 66% and 78% accuracy, mainly in the linear combination 1 (LD_1: 94.60%; 99.78%; and 98.75%), respectively (Figure 9). On the other hand, LD_2 (5.4%) indicated the distinction for PV (Lixisols) and the other two classes (Figure 9a).



In general, the principal components 2 (PC_2) and 3 (PC_3) are more related with the ratio between visible and NIR regions [55]. The confusion between soil classes can occur when we have the same class with different textures, but near the border of the texture limit. This is due to the inherent subjectivity on the establishment of limits of the textural classes. Indeed, texture is an important primary property that defines the reflectance intensity of soil classes.



The results in Figure 9a indicate a great discrimination between soil classes. This was possible because we inserted, into the same matrix, the spectra of horizons A and B, respectively, from each observation. As a matter of taxonomic classification, Ferralsols do not have significant differences between clay contents in the horizons. On the other hand, Lixisols have great textural differentiation between horizons. As described by Demattê et al. [31], these differences can clearly be seen mostly after 1500 nm, where A horizon presents a stronger reflection (due to the influence of higher quartz content) than on horizon B (with lower quartz content). Ferralsols have similar clay contents between horizons A and B, and, thus, the spectra are similar. When statistics compared these two soil classes simultaneously, the difference could be detected.



Figure 9b shows a different site. Although Ferralsols (LV) have similar clay contents between horizons, the content could be differentiated as very clayey (LV1), clayey (LV2), loam clay (LV3) and loam sandy (LV4). Thus, we observed that spectroscopy could discriminate the different types of Ferralsols in terms of texture classification. When textures in both horizons are sandy, the taxonomic name is no longer Ferralsol, but Arenosol. The textures in both horizons of Arenosols were sandy and well discriminated from Ferralsols. We can observe the important proportion of discrimination from LV1-LV2-LV3-LV4-RQ, in the same sequence of clay content. Figure 9c shows the same great discrimination between PV with variation in the clay content between depths. In this case, we did not have PV1 (very clayey), but PV2, PV3 and PV4 were well differentiated.





5. Conclusions


1. The regional soil spectral library showed that sandy soils have a higher reflectance intensity than clayey ones. From sandy to clayey soils, there is an angular upward variation from VIS-NIR to SWIR (greater in SWIR). This fact is attributed to OM and Fe oxides that absorb energy in VIS-NIR and quartz that increases the reflectance in SWIR. Textural classes show a logical series of increased reflectance from very clayey < clayey < medium-clayey < medium-sandy < sandy < very sandy.



2. The spectral response of the studied soils were resampled to bands 3, 4, 5 and 7 of Landsat. The relationship between bands 3/4 show angular variation from clayey to sandy soils. The ratio of bands 5 and 7, in turn, cause intensity variation instead. Therefore, the descriptive evaluation of spectral curves detected differences between textural classes.



3. It was possible to quantify the clay and sand contents in a wide population of samples reaching R2 = 0.93 and 0.96 with low RMSE. The results were also compared with laboratory measurements, and placed into the acceptable range of its variancy. Indeed, we reached a 1.2% difference between laboratory and spectroscopy measurement for clay. The best spectral processing method was that done in Treatment 3.



4. The textural classification with four classes in accordance with the simplified classification of SiBCS and that used in Land Use and Management Brazilian Technical Classifications with six classes were well discriminated by the spectral curves. This is important because it indicates the sensibility of spectroscopy to distinguish detailed soil texture classes (mostly the medium to sandy textures) as well as to help pedology and soil management.



5. The ternary classification using particle size classes obtained by spectroscopy was very similar to the particle size analysis carried out in the laboratory. On the other hand, it seems that soil samples over about 50% clay content have been, in general, underestimated. This can be possible on the case of clayey soils with high opaque minerals. For samples with high contents of sand, the opposite occurred. These are the first findings in this matter. Thus, we state the necessity of new evaluations of spectral quantification of very clayey and very sandy soils with this mineralogy.



6. The results show that spectroscopy may be used to measure the soil particle size, however, it depends on laboratory standards, analyses and statistical modeling.



7. Spectroscopy was able to discriminate soil classes such as Ferralsols, Arenosols and Lixisols. Despite this, spectra was able to indicate in what texture each soil class belong. Thus, discrimination of the same soil class, and its texture class variancies, in specific for Ferralsols and Arenosols, could be characterized.
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Figure 1. Location of the study site and sampling points in Areas I, II, and III. 
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Figure 2. (a) Spectral curves of the studied soils individualized for simplified textural groupings SiBCS and (b) textural groupings in LBTC: K, kaolinite; G, gibbsite; H, hematite; and Gt, goethite. 
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Figure 3. (a) Illustrative scheme of angular change of the spectral curves as a function of clay content and quartz increase in the sand fraction; and (b) angular change in the region of Visible to Near Infrared (TM3 and TM4 Landsat bands, respectively) in sandy and clayey soils. 
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Figure 4. Soil lines obtained for the soils studied through laboratory data simulating TM3 and TM4 bands: (a) distribution of textural classes according to the grouping for simplified classification according to SiBCS and (b) distribution of textural classes according to the grouping in LBTC. 
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Figure 5. Soil lines obtained for the soils studied through laboratory data simulating the TM5 and TM7 bands: (a) distribution of textural classes according to the grouping for simplified classification according to SiBCS and (b) distribution of textural classes according to the LBTC. 
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Figure 6. Scores chart of PC1 (Principal Component 1) vs. PC3 (Principal Component 3) showing the distribution of the studied soil samples, grouped by texture classes with sequential distribution along the spectrum. 
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Figure 7. Regression results with Treatment 3: PLSR3, transformation of spectral reflectance data to absorbance, and generation of a prediction model for: clay (a); and sand (b). 
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Figure 8. Ternary diagram of soils textural classification: (a) clay, silt and sand measured; (b) clay, silt and sand predicted by the model with Treatment 3; and (c) representative spectral curves (Adapted from Cezar et al. [58]). 
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Figure 9. Predicted discrimination among: (a) Ferralsols (LV), Lixisols (PV) and Arenosols (RQ); (b) Ferralsols with different textures and Arenosols; and (c) Lixisols with diferrent textures. 
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Table 1. Descriptive statistical analysis for clay, silt and sand measured and predicted by elaborated quantification of these soil attributes model.
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Statistical Parameters

	
Measured Values (g·kg−1)

	
Predicted Values (g·kg−1)




	
Clay

	
Silt

	
Sand

	
Clay

	
Silt

	
Sand






	
Average

	
274.49

	
69.86

	
655.65

	
272.06

	
73.12

	
654.82




	
Standard error

	
2.55

	
1.16

	
3.44

	
2.12

	
1.25

	
2.96




	
Median

	
260

	
45

	
691.5

	
274.22

	
75.81

	
645.16




	
Mode

	
280

	
40

	
680

	
341.88

	
146.19

	
1004




	
Standard deviation

	
155.99

	
70.86

	
210.71

	
130.01

	
76.66

	
181.3




	
Kurtosis

	
0.59

	
2.03

	
0.85

	
0.08

	
0.1

	
0.2




	
Asymmetry

	
740

	
592

	
909

	
830.66

	
1059.86

	
1424




	
Minimum

	
5

	
0

	
60

	
−189.4

	
−301.79

	
0




	
Maximum

	
745

	
504

	
969

	
641.26

	
758.07

	
1424




	
Coefficient of variation (%)

	
56.83

	
101.43

	
32.14

	
47.79

	
104.84

	
27.69
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