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Abstract

:

Quantifying the organic carbon content of soil over large areas is essential for characterising the soil and the effects of its management. However, analytical methods can be laborious and costly. Reflectance spectroscopy is a well-established and widespread method for estimating the chemical-element content of soils. The aim of this study was to estimate the soil organic carbon (SOC) content using hyperspectral remote sensing. The data were from soils from two localities in the semi-arid region of Brazil. The spectral reflectance factors of the collected soil samples were recorded at wavelengths ranging from 350–2500 nm. Pre-processing techniques were employed, including normalisation, Savitzky–Golay smoothing and first-order derivative analysis. The data (n = 65) were examined both jointly and by soil class, and subdivided into calibration and validation to independently assess the performance of the linear methods. Two multivariate models were calibrated using the SOC content estimated in the laboratory by principal component regression (PCR) and partial least squares regression (PLSR). The study showed significant success in predicting the SOC with transformed and untransformed data, yielding acceptable-to-excellent predictions (with the performance-to-deviation ratio ranging from 1.40–3.38). In general, the spectral reflectance factors of the soils decreased with the increasing levels of SOC. PLSR was considered more robust than PCR, whose wavelengths from 354 to 380 nm, 1685, 1718, 1757, 1840, 1876, 1880, 2018, 2037, 2042, and 2057 nm showed outstanding absorption characteristics between the predicted models. The results found here are of significant practical value for estimating SOC in Neosols and Cambisols in the semi-arid region of Brazil using VIS-NIR-SWIR spectroscopy.
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1. Introduction


From a synoptic perspective, soil quality assessment includes the integration of physical, biological, and chemical properties as quality indicators [1]. However, as these key properties vary dynamically over space and time, such assessments represent a stimulating task for the academic community.



Soil Organic Carbon (SOC) is recognised by farmers and scientists as a primary indicator of soil quality. Representing around 58% of the structure of organic matter (OM), SOC is considered the main carbon stock at the terrestrial level [2,3], with estimates of up to three times more C than are contained in the atmosphere [4]. In light of this view, the assumption remains that increases in SOC content are the result of a greater input of organic matter to the medium [5]. Arguably, soil fertility is favoured by a higher concentration of OM, a result of the storage and release of nutrients [6]; stabilisation of the physical structure [7]; improvement in water retention capacity, biodiversity of the soil and contaminant biodegradation [8]; and the aggregation and sorption of organic and inorganic pollutants [9], among other benefits.



Quantitative assessments of SOC and its management are needed to understand its key role in the global C cycle [10]. However, conventional SOC quantification can be laborious and expensive, and it is capable of producing significant amounts of non-recyclable waste. Added to this is the need for a high number of samples to maintain the statistical robustness of the analysis. Determined by the conversion into CO2 of organic components found in a sample, dry combustion [11] uses a muffle furnace or automated elemental analyser [12] for burning and then determining organic matter by means of the van Bemmelen correction factor. Despite demonstrating better precision in quantifying SOC and employing certified high-purity chemical reagents, this method incurs high maintenance and analysis costs [13]. On the other hand, wet combustion [14,15] can be obtained by means of the digestion, oxidation, and titration of the remaining oxidising agent [16]. In contrast to the low cost of equipment and reagents [12], this type of estimation presents critical analytical and environmental problems, due to the production of toxic waste, such as potassium dichromate (K2Cr2O7) and sulphuric acid (H2SO4) [17].



As an alternative to laboratory practices that demand more time for analysis and the use of substantially dangerous reagents [18], the technique of reflectance spectroscopy has become ever more prominent in evaluating SOC [19]. Using physical parameters such as reflectance factors (ρ) [20,21], hyperspectral remote sensing (HRS) has made it possible to detect soil constituents and predict soil properties indirectly by investigating the electromagnetic radiation reflected by the surface of a sample [22]. The principle of reflectance spectroscopy in soil science is related to changes in the surface of the material and in its optically active constituents [23,24], since SOC significantly affects the form and nature of soil reflectance spectra [25], and it can be estimated rapidly [10,19,26].



Thus, using a fast, economically competitive and non-destructive approach that produces no residue, HRS allows several properties of a sample to be evaluated from a single spectral reading. Visible and near-infrared (VIS-NIR) spectroscopy has gradually demonstrated its potential for estimating SOC [27], and is a powerful alternative to conventional chemical analysis [28,29,30].



Since they demonstrate high accuracy, in situ quantitative SOC estimates using a portable spectrometer are preferred to the conventional method, as they avoid transportation, drying, crushing, sieving or laboratory procedures [31]. Although the accuracy of in situ SOC predictions is generally more limited than those in the laboratory, researchers [32,33,34,35] report promising results for both types of spectral data using a combination of chemometric and multivariate techniques.



Allowing that hyperspectral sensors acquire an extensive amount of data concerning oscillations in the electromagnetic spectrum [36], various types of multivariate analysis are suitable for reducing the dimensionality of the input data [37]. This makes it possible to study only those wavelengths (λ) that best express the variance in the structure of the original data on soil properties [38,39]. It is in this context that Partial Least Squares Regression (PLSR) and Principal Components Regression (PCR) are recommended by several authors [40,41,42,43,44] when estimating soil attributes from hyperspectral data.



Statistical deviation metrics, such as the coefficient of determination (R2), the Root Mean Square Error (RMSE), and the Ratio of Prediction Deviation (RPD) are useful for evaluating performance in chemometric analysis. Comparing multivariate methods of estimating SOC, Morellos et al. [43] selected 140 samples of agricultural soil immediately after the wheat harvest, and achieved an R2 of 0.711 and RPD of 1.86 for PLSR, and an R2 of 0.724 and RPD of 1.89 with principal component regression (PCR). Analysing saline soils, Mahajan et al. [44] pointed out the slight superiority of the PLSR method, with an R2 of 0.68, RMSE of 1.53 and RPD of 0.41, compared to the PCR method, which recorded an R2 of 0.58, an RMSE of 1.67, and an RPD of 0.38, even when using 36 principal components.



This article, therefore, proposes a practical view of the relevance of multivariate techniques using hyperspectral data in the rapid quantification of the SOC stock of soils. As such, the aim was to estimate the SOC present in two classes of soil in a semi-arid region of Brazil based on their spectral information between 350–2500 nm. Among the main contributions of this study are: (i) the identification of wavelengths showing the best correlation with the SOC content in the soil samples; (ii) the identification of the best mathematical transformations of the spectral data for optimising the estimation using PLSR and PCR; and (iii) the construction of SOC linear estimation models for each spectral transformation under evaluation.




2. Materials and Methods


2.1. Description of the Study Areas


The present work studied the soils of two different areas of a semi-arid region of Brazil in the state of Ceará. Area 1 (A1) and Area 2 (A2) are described in Table 1 based on their most distinct characteristics.



According to the Köppen classification, the predominant climate, both in the Irrigated Perimeter of Morada Nova (A1) and in Jagaribe-Apodi (A2), is considered type BS W’h’, which is characterised as very hot and semi-arid, with a mean temperature of 27.5 °C, a minimum of 26 °C and a maximum of 32 °C. The rainy season, with a mean rainfall of around 660 mm, usually starts in January and can last until June, with 80% of the rainfall concentrated in March, April, and May. Rainfall distribution in the region, however, is irregular, resulting in marked deviations around the mean [46].



Figure 1 shows the spatial distribution map of these soils in each of the study areas. The region comprising area A1 is characterised by the predominant occurrence of soils of the Fluvic Neosol class, poorly developed soils without a B horizon, resulting from the deposition of alluvial sediments that may make up part of the organic material present in the soil, as they are close to the floodplains of the main water courses in the region [47]. According to authors such as [48,49,50], these soils present a mineralogical mixture of expansive and non-expansive clays that predominate in relation to kaolinite. Cunha et al. [51] report that, as these soils have developed from recent alluvial sediments and have no pedogenetic relationship, they feature vertically or horizontally diversified granulometry, showing the heterogeneity of the source material.



According to Jacomine et al. [47], area A2 is characterised by the occurrence of Eutrophic Haplic Cambisols from limestone rocks, also poorly developed, with an incipient B horizon, and marked by the presence of high-activity clay and a high base saturation (≥50%). These, in turn, show more textural uniformity and may feature a loamy-sandy or more clayey texture, with a predominance of kaolinite as well as a significant presence of iron oxides (goethite and hematite) [51,52]. Another class of soil occurring in area A2, indicated by the above authors, albeit without much evidence, is Vertisols.




2.2. Collection of the Samples


Two subsets of disturbed samples were used, collected at depths of between 0.0 and 10.0 cm. Considering the close connection of texture with variations in the organic carbon content of the soil, spatial independence, and the significant short-distance variability of the clay minerals [53], the samples used were chosen based on two criteria: (i) the spatial distribution of the collection points; and (ii) the similarity of the clay content.



Cluster analysis was carried out to determine the textural similarity between the points sampled in each area, based on the clay content quantified [45] for each point. The pipette method described by Amaro Filho et al. [54] was used. The clusters formed by the most-similar samples were separated by a Euclidean distance of 0.07. Within each cluster, the spatial distance between the collection points was evaluated, and those most representative of the areas of interest were selected (Figure 2).




2.3. Acquisition of the Hyperspectral Data


The soil spectral data were obtained at the Geoprocessing Laboratory of the Agricultural Engineering Department of the Federal University of Ceará. Each soil sample was submitted to the oven-drying method at 45 °C and placed in a black polypropylene container, 5 cm in diameter and 15 mm in height.



Continuous spectral readings of the samples were taken in a darkroom in a climate-controlled environment, using a Hi-Brite Contact Probe together with a FieldSpec Pro FR3 spectrometer (350–2500 nm). This non-imaging sensor combines three spectrometers with spectral resolutions of 3 nm and 10 nm resampled to 1 nm, and performs real-time reflectance calculations with a 25° full-angle cone of acceptance field-of-view [55]. Sensor calibration (white reference) for the reflectance factors (ρ) was carried out every 20 min, using standard readings on a spectralon plate with characteristics similar to a Lambertian surface, in which 100% of the input energy is reflected in all directions [36].



Data were collected from three spectra at random points on the surface of the samples. Each point represented the arithmetic mean of 50 spectral readings, allowing every sample to be characterised by the total mean value (150 spectra/sample). Figure 3 shows the data acquisition geometry. The mechanism, employed by the authors, allowed the samples to be secured and stably elevated until in direct contact with the probe. The Digital Number (DN) values of the soil samples were converted into a reflectance factor using ViewSpecPro 6.2 software.




2.4. Quantification of the Soil Organic Carbon


The Soil Organic Carbon (SOC) in the samples was quantified in duplicate at the Soil–Water–Plant Relationship Laboratory of the Department of Agricultural Engineering, Federal University of Ceará. The soil samples were broken up, air dried, and sifted using a 2 mm mesh, then macerated in a porcelain mortar and passed through a mesh of 0.2 mm. The macerated samples were digested in potassium dichromate (K2Cr2O7) and sulphuric acid (H2SO4) [98%], with an external heating source [15].



Air drying was only carried out for the chemical analysis of the samples, which were then not exposed to the spectroradiometer (Figure 4). The samples intended for spectral analysis were oven-dried (45 °C) to standardise their moisture conditions and reduce the vibration effect of the water molecules on the reflectance spectrum [56,57,58].



With the drying method (open-air or greenhouse), dissolved organic carbon is also evidenced, and the organic characteristics of the soil are preserved in the long term, as these tend to present different dynamics for different levels of moisture, such as in fresh samples [59,60].




2.5. Exploratory Data Analysis


Initially, a descriptive analysis of the carbon data was performed, including the mean, median, standard error of the mean, minimum and maximum values, standard deviation, variance, coefficient of variation, kurtosis, and asymmetry. The frequency distribution of the data and the normality hypothesis test were then analysed using the Kolmogorov–Smirnov test at 5%. To assess the linear intensity and the direction between the chemical and spectral variables of the samples, the Pearson linear correlation coefficient was used between the SOC content and the corresponding spectra, as well as their mathematical transformations, as per Equation (1):


   r =      ∑    i = 1   n   (   x i   − x   )   (   y i   − y   )       [    ∑    i = 1   n     (   x i   −  x ¯    )   2   ]   [    ∑    i = 1   n     (   y i   −  y ¯    )   2   ]         ,   



(1)




where r represents the Pearson correlation coefficient; xi and yi are the values measured in both variables (independent and dependent, respectively) for the i-th individual; and    x ¯    and    y ¯    represent the arithmetic mean of the respective variables.




2.6. Selection of the Significant Variables


As it presents a notably extensive set of independent variables (50 spectra × 2151 wavelength frames × 3 replicas × 65 samples = 2 × 107 data points), the visible (VIS), near infrared (NIR), and short-wave infrared (SWIR) ranges were submitted to the Stepwise method to select the wavelengths with the greatest sensitivity to fluctuations in the SOC. This method was based on incrementing (forward) the most significant variables for the model, and on removing (backward) those that least represent the structure of the chemical data (SOC). By the end of the iterations, it was possible to reduce the dimensionality of the dataset, keeping the physical significance of the input variables.




2.7. Treatment of the Hyperspectral Data


To construct the estimation models, in addition to the untransformed hyperspectral data, the data were transformed using: (i) the first derivative; and (ii) Savitzky–Golay smoothing.



2.7.1. First Derivative


The first-derivative technique for hyperspectral data offers the advantage of showing the variation in the reflectance of a target relative to the variation in wavelength, in addition to exposing noise that might be interpreted as a signal. Therefore, to facilitate understanding and observation of the enhancement of features in the sample spectra, the first derivative was calculated with a window (Δλ) of 3 nm, enough to show where there were more-marked changes between nearby wavelengths [61].



The mathematical basis of first-order derivative analysis (dρλ) is established by the change in reflectance (ρλ) as a function of the wavelength λ at a given point i. The derivative is numerically approximated using symmetric or central deference, expressed by the equation presented by Rudorff et al. [62]:


       d ρ   λ    d x   ≅    ρ   i + 1       −   ρ     i − 1      2 Δ x      ,     



(2)




where Δx represents the difference between two subsequent bands (Δx = [xi+1] − [xi−1]), where [xi+1] > [xi−1], ρi+1 refers to the reflectance factor of the point following i; and ρi−1 corresponds to the reflectance factor of the previous point to i.




2.7.2. Savitzky–Golay Smoothing


Smoothing, as described by Savitzky and Golay [63], seeks to reduce random noise and avoids the introduction of distortions in the spectral data, preserving the shape of the spectrum, as per Equation (3):


   y j *  =  1 N      ∑    h = − k   k   C h   y   j + h       ,       



(3)




where    y j *    is the new smoothed value; Ch represents the coefficients of the smoothing filter; N is the size of the smoothing window; and k is the number of neighbouring values on each side of j. A smoothing filter with a third-degree polynomial function and window with three spectral points was therefore used to transform the spectral data.





2.8. Calibration and Validation of the Predictive Models


The mathematical models for estimating SOC in soil samples using the principal wavelengths were based on Partial Least Squares Regression (PLSR) [64] and Principal Components Regression (PCR) [65]. The difference between the two multivariate methods is the basis for constructing the models. While PLSR decomposes both the dependent and independent variables into scores to maximise the correlation between them, PCR decomposes only the independent variables into principal components (PC) and correlates them with the variable to be estimated [3,66].



The SOC content was normalised using the Min-Max method (Equation (4)) to reduce nonconformity in the orders of magnitude between the model parameters:


   n i   =     x i   − min ( x )     max     ( x )   − max     ( x )       ,   



(4)




where ni represents the normalised value in the i-th observation; xi is the value of the real variable x in the i-th observation; min (x) and max (x) are, respectively, the minimum and maximum values of variable x. The chemical and spectral data of the samples were evaluated separately by area of collection (A1; A2) and, later, aggregated into a single sample set (A1 & A2) to construct the estimation models. With this last approach, we evaluated the effectiveness of the SOC prediction by disregarding the chemical and spectral heterogeneity of the samples in both soils.



The PLSR and PCR models were initially calibrated and validated for all wavelengths using both transformed and untransformed reflectance (Figure 5, path 1), and then after selecting significant spectral bands for the same data treatments (Figure 5, path 2).



From each working set of data, 70% of the soil samples were selected for model calibration, while the remaining 30% were separated for the validation phase, according to Bushong et al. [67], obtaining the A1 & A2 calibration and validation sets by aggregating the respective sets of samples. A specific model was constructed for each dataset (A1; A2; A1 & A2) and for each spectral transformation.



The validation process for the tested models was implemented using statistical metrics: coefficient of determination (R2) (Equation (5)); adjusted coefficient of determination (R2 adjust) (Equation (6)); Root Mean Square Error (RMSE) (Equation (7)); and the ratio of prediction deviation (RPD) (Equation (8)):


   R 2   = 1 −      ∑    i = 1   N     ( Y   i     −  Y ^    i    ) 2       ∑    i = 1   N     ( Y   i  −  Y ¯   ) 2    ,  



(5)






   R  adj .  2   = 1 −     (   N − 1   )   (     1 − R   2   )     N −   (   k + 1   )    ,  



(6)






   RMSE =        ∑    i = 1   N     (  Y ^    i     − Y   i    ) 2    N       ,   



(7)






   RPD =     σ  Yo     RMSE      ,   



(8)




where Ŷ represents the values estimated by the models in the i-th observation; Yi are the values measured or observed in the laboratory in the i-th observation;    Y ¯    represents the mean of the observed values; N is the number of observations; k is the total of independent variables; and σ is the standard deviation for the measured values.





3. Results


3.1. Descriptive Statistics


The descriptive statistics for the organic carbon content of the samples of Fulvic Neosol and Haplic Cambisol, respectively, are shown in Table 2, by collection area of the soil samples (A1 and A2), and for the joint dataset (A1 & A2). It can be seen that the mean and median values for SOC—in the three data sets—are relatively close, suggesting that the central trend estimators are typical of a normal distribution [68]. As shown by the Kolmogorov–Smirnov test at 5%, the data showed low distortion, where the SOC values for the data sets featured a p-value > 0.2, underlining their normality.



It can be seen from the statistical parameters that for the SOC content, the samples from A1 are different to those from A2. This contrast influenced the statistical evaluation when the data from the two soils were observed together (A1 and A2). Such behaviour is seen when evaluating the asymmetry coefficient for the three data sets. This coefficient was more prominent in the samples of A1 soils (|AS| = 1.07), since there were values above the mean, with a peak of 45.20 g kg−1 SOC. This exerted a significant effect on the mean of the distribution, albeit for a single occurrence [69,70]. As a grouped set (A1 and A2), the data distribution of A1 was influenced by the asymmetry of the A2 samples (|AS| = 0.03 resulting from values above the mean (|AS| = 0.16), with a consequent reduction in the coefficient.



The same can be seen with the coefficient of variation (CV) where, for the samples from A1 and A2, the SOC content showed a variation of 52.42% and 23.50%, respectively, while the data from A1 & A2 showed a coefficient of 38.23%. This result shows that the variability in SOC content from A1 and A2 separately changes when the data becomes part of the joint A1 & A2 group, showing the statistical influence of one dataset over the other.




3.2. Analysis of the Hyperspectral Data


For the spectral behaviour of the soil samples under evaluation, Figure 6 shows a marked change in the mean spectral signature between the soils of A1 and A2.



Analysing the spectral profiles of two samples collected in A2, the strong influence of the increase in SOC content can be seen by a reduction in reflectance in the spectrum from 350 nm to around 2000 nm. Figure 7 shows that, even with a higher content, the sample with 36.36 g kg−1 SOC presents a marked brightness, which is not that different from the sample containing a smaller amount of carbon (13.41 g kg−1). It is worth noting that, in addition to the SOC content, the mineralogy, such as the kaolinite and iron oxides present in the soils of this region, also influences the spectral response of samples [71].



In Figure 8, the mean spectral behaviour of the soils of A1 and A2 is displayed in the form of reflectance (Figure 8a), first derivative (Figure 8b) and smoothed reflectance (Figure 8c). Reflectance smoothing shows no significant changes in relation to the untransformed spectrum. On the other hand, the first derivative shows the points in the spectrum where there were fluctuations.



The first derivative transformation of reflectance (Figure 8b) highlights the points where there are sudden changes in the spectral response, whose positive and negative peaks are related to the consecutive slopes of reflectance and absorption, respectively, in the original spectrum [72]. The values closest to the abscissa (zero value) correspond to points of continuity in the spectral pattern [73].



It was found that the behaviour of the first derivative in A2 differs from that of A1 between 450 nm and 1000 nm, showing more pronounced fluctuations in A2. This can be explained by the spectral variation due to the presence of iron oxides in the soils of this area, showing that the first derivative transformation is efficient at highlighting components of lower intensity that help to make up the sample. The unusual peak between 1000 and 1001 nm in the first derivative punctuates the noise caused by sensor transition in the region of the near infrared, intrinsic to the data acquisition equipment [36].




3.3. Pearson Correlation Coefficients


The first derivative transformation of reflectance was the spectral treatment that showed the best correlations between the SOC content and the wavelength across the entire spectrum (Figure 9). After removing any effects of noise at the extreme values (around 350 nm and 2500 nm), the variation in SOC content was better correlated with wavelengths close to 2200 for the all the data sets, with highlights at 897 nm in A1, 1797 nm in A2, and 1762 nm in A1 & A2 (Figure 9).



Wavelengths at 2300 nm are associated with aromatic groups or aliphatic carboxylic bonds related to the actual structure of the organic matter associated with mineral particles in the soil [74], while absorption troughs at 700 nm [75] are related to the influence of organic carbon and humic acids, in addition to an absorption feature at 1700 nm, which is important for predicting C-H bonds present in the structure of organic matter [76].



In A1, the bands from 750 nm to 1000 nm showed a constant positive correlation with the SOC concentrations (Figure 9a), with approximately r = 0.6 in the 900 nm region; the same occurred with the samples from A2 in the 1400 nm and 1900 nm region. For A1, the 2259 nm wavelength showed a strong negative correlation (r = −0.70) with the SOC content of the samples, while for A2, the 2241 nm band showed a moderate correlation (r = −0.56). Meanwhile, using the joint data from the two areas (A1 & A2), the 1762 nm wavelength also showed a strong negative correlation with the SOC concentrations (r = −0.65).




3.4. Full-Spectrum Estimation of SOC Content


3.4.1. Principal Component Regression (PCR)


Initially, the prediction models using principal component regression (PCR) were constructed using all the bands and the following spectral treatments: (i) untransformed reflectance data; (ii) first derivative; and (iii) Savitzky–Golay smoothing (Table 3).



It should be noted that for A1, the strategies with the untransformed and smoothed data stood out in relation to the models with unified A1 & A2 data due to the need for a reduced number of factors. This is because, despite featuring the highest RPD (2.11), the PCR model using the A1 & A2 data required 26 components to estimate the SOC with an adjusted R2 of 0.76. The SOC prediction with the samples from A1 showed no significant differences when using untransformed or smoothed spectral data, with an adjusted validation R2 of 0.86 and R2 of 0.84. Furthermore, they presented the same number of factors for constructing the models, the only differences being the RMSE of 15% and the RPD of 2.06.



The PCR loadings that demonstrate the contributions of each wavelength to the variability of the smoothed spectral data in A1 are shown in Figure 10. The first factor, corresponding to the changes in brightness across the spectrum [77], showed the constant influence of each spectral band (350–2500 nm), while the bands in the region of 350–900 nm contributed significantly to the second factor (Figure 10). These same wavelengths contribute to factor 4, positively up to 550 nm and then negatively up to 900 nm; this region can be considered more influenced by organic matter (OM) and iron oxides [78].



It should also be noted that factor 3 receives a constant contribution from the wavelengths at 550–1400 nm (Figure 10). A part of these wavelengths that are distributed over the visible region is usually associated with the amine functional groups of soil organic matter [79] and with the colour of the soil [80]. The 1900 nm wavelength features the greatest contribution to factors 6 and 7. This spectral region has previously been reported as sensitive to organic matter [81]. The wavelengths at 1400 nm and 2200 nm exerted a positive influence on the eighth factor, while a negative contribution can be seen at 2300 nm, which is cited as an important zone for the SOC concentration [74]. The final latent variables represented noise more strongly, especially at the initial end of the spectrum, except for factors 9 and 10, again with a greater contribution at 1900 nm.




3.4.2. Partial Least Squares Regression (PLSR)


In a similar way to the PCR, the PLSR was performed using all the spectral bands with untransformed reflectance data and their transformations (first derivative and Savitzky–Golay smoothing). After obtaining the estimation models by PLSR, they were tested with the unused data in a pure validation. The results are shown in Table 4.



Spectrum smoothing can improve model performance, as per the report by Mousavi et al. [82], and can be seen in the A2 and A1 & A2 sample subsets. This strategy reduced the random noise existing in the original data and, as a result, increased the signal/noise ratio in the spectra. For A1 especially, the use of smoothed reflectance reduced the number of factors and improved the validation R2 (0.84) and adjusted validation R2 (0.81). Despite reducing its performance (RPD = 2.04) and presenting an RMSE of 15.1%, the PLSR with the smoothed spectrum ensured that the model was classified as excellent, agreeing with Chang et al. [83].



For A2, spectrum smoothing improved the performance of the PLSR, but was not enough to construct suitably valid models for predicting the SOC; as each spectral treatment shows an RPD < 1.4, models for A2 using all the spectral bands can be considered inefficient. Smoothing was also able to improve the prediction performance of the model when using the complete subset of samples, generating an RPD of 1.99, which is considered a reliable prediction model open to new approaches for improving the fit. Therefore, using all the bands in the spectrum, A1 presented better-performing models for predicting SOC using PLSR, which was probably due to the fact that these samples showed greater variability. In this study, it was found that the models better fitted the sample subsets that showed greater variation in chemical concentration in the validation data compared to the calibration data.



The spectral variables feature different weights for forming each latent variable (factor). As such, Figure 11 shows the loadings that allow the spectral bands to be identified that best contributed to each factor of the model constructed for A1 using the smoothed spectral data. It can be seen that the region comprising 350 nm to 900 nm—under the strong influence of organic matter—made a significant contribution to each factor. These results are corroborated by Zhang et al. [84], who highlight the greater association of these wavelengths with the organic matter content of soil.



Clearly, factor 1 is directly related to reflectance throughout the spectrum (350–2500 nm), with an almost constant contribution at all wavelengths (BRIGHTNESS), as seen in studies by Rocha Neto et al. [77]. As the first latent variable, factor 1 was the most representative of the variation in spectral data at all wavelengths, which relates it to the changes in albedo, representing general reflectance in the 400–2500 nm range [85].



From the second factor onwards, all the latent variables contributed to spectral variability around the visible region, in addition to the region between 1450 and 1880 nm, which also positively influenced this latent variable. The wavelengths of 1400 nm, 1900 nm and 2200 nm, regions of marked absorption peaks of the hydroxyl group (OH) and clay minerals [75,86], also exerted a strong influence on factors 4, 5 and 6. Factor 7 was influenced by peaks in the visible region (350–600 nm) and at 1400 nm.





3.5. Selection of Significant Bands


For all the spectral treatments, the most relevant bands were selected using the Stepwise Forward method, in order to identify the bands that best represent the variation in SOC content. Figure 12 shows these wavelengths for each sample subset and spectral treatment. In general, this method selected spaced spectral bands between the visible and shortwave infrared region, determining a minimum of four bands using the samples from A2 with a smoothed spectrum, and a maximum of 14 bands using all the samples with the same spectral treatment.



Examining the untransformed dataset, it can be seen that the method allowed a well-distributed selection throughout the range under analysis (350–2500 nm). The relevance of the wavelengths around 1400 nm in representing the variance seen in the SOC should be noted, a fact shown by the three sample subsets (Figure 12). This is due to the absorption peak in this region of the spectrum that results from the influence of combinations of the hydroxyl group (O-H) with the mineralogy of the sample [86].



The wavelengths between 1600–1800 nm, evidenced by the first derivative for all the sample sets, are normally associated with the SOC due to vibrations of the C-H bonds found in the structure of organic matter, especially around 1700 nm [76,87]. Wavelengths at 1720 and 1760 nm, selected using soil samples from A2, and from the A1 & A2 data set, are also able to demonstrate the influence of aliphatic carboxylic bonds, the main sources of carbon present in organic matter [79,88].



With spectrum smoothing, wavelengths were clearly shown in the visible region, and around 1800 nm when evaluating the spectrum of the A1 and A2 samples separately. Discrete absorption peaks in the 350–700 nm region are related to the presence of carbon in darker organic compounds, such as humic acids; it is therefore common that wavelengths in this region can be evidenced by their influence on the colour of the samples [80]. The same was seen when using the unified A1 & A2 samples, with the addition of 1400 and 1900 nm, which were possibly influenced by hydroxyl vibration in the samples.



3.5.1. Principal Component Regression after Band Selection


Based on the selection of spectral bands that best represent the variation in the SOC data, prediction models were constructed using PCR, including all the spectral treatments already mentioned, and the wavelengths with the best performance in each treatment. The models that were constructed using only the bands selected by the Stepwise Forward method improved SOC prediction for each treatment of the spectral data, as shown in Table 5.



By using only samples from A1, each model for each spectral treatment proved to be efficient at predicting the SOC using selected bands, with an adjusted validation R2 ranging from 0.89 to 0.96 and RPD between 2.65 and 3.38. The reduction in RMSE in all the prediction models shows that band selection was efficient in improving performance. The best estimation model, using samples from A2, was the model in which the reflectance factors were transformed using the first derivative. Despite being composed of 10 latent variables, the model showed reliable performance, with an adjusted validation R2 of 0.72 and the lowest RMSE (15.9%), based on the RPD for the model of 1.77.



When constructing the predictive models using the A1 & A2 data, the least efficient, albeit reliable, was the prediction that included reflectance, with an adjusted validation R2 of 0.70 and RPD of 1.90. Savitzky–Golay reflectance smoothing improved the prediction performance after band selection, presenting an RPD of 2.90 and an adjusted validation R2 of 0.87.



Table 6 shows the equations for the PCR models with the best performance in predicting SOC (g kg−1), including the bands selected in each spectral treatment and their respective coefficients restored to non-normalised values.



PCR performed better when using smoothed spectral data for the samples from A1 and A1 & A2, and with the first derivative for samples from A2 (Figure 13 and Tables S1–S4). For the prediction models that used the smoothed spectrum, the most significant wavelengths are found between 354 and 375 nm and in the 1876 nm, 2037 nm and 2047 nm bands for A1, while using joint sample data from the two areas, A1 & A2, the spectral range was extended to include the wavelengths at 362–390 nm, 605–708 nm, 1406 nm, 1876 nm, 1880 nm, 2018 nm and 2057 nm. This expansion of the most significant spectral range for SOC prediction in the complete subset of samples, may be related to the variation in the structural characteristics of the samples in the subset, as they come from different types of soil with different carbon-associated chemical patterns that respond in different spectral bands.



By using only the samples from A2 with the first derivative transformation of the reflectance, the prediction models using the selected spectral bands showed wavelengths around 400 nm, 1273 nm, 1685 nm, 1740 nm, 1813 nm, and 1840 nm.




3.5.2. Partial Least Squares Regression after Band Selection


As with PCR, constructing predictive models using PLSR improved performance in estimating the SOC. The improvement in performance can be seen in Table 7, where the relevance of selecting significant hyperspectral variables can be seen.



Band selection improved the performance of the prediction models for all the sample subsets and using all the spectral treatments under analysis, besides reducing the number of factors needed to estimate SOC using PLSR. The prediction models constructed using only the samples from A1 demonstrated an adjusted validation R2 of between 0.89 and 0.95, RMSE of 8.7% and 14.1%, and minimum RPD of 2.19 and maximum of 3.56, all considered excellent [83].



The models constructed for A2 became reliable after band selection, but still required fine-tuning to make better SOC predictions. The first derivative transformation of reflectance afforded the best predictions, with seven factors and an adjusted validation R2 of 0.71; the best RPD for A2 was 1.78, with the possibility of further optimisation.



For the A1 & A2 subset, the first derivative transformation of the spectral data and the data smoothed using Savitzky–Golay exhibited an excellent prediction performance, with an RPD equal to 2.30 and 2.85, respectively, and an adjusted validation R2 ranging from 0.85 to 0.87. The most suitable prediction model can be defined as the model that demonstrates the best performance (RPD ≥ 2.0) and succeeds in estimating organic carbon with the lowest prediction error. It should be noted that using the joint sample data, the smoothed spectrum generated the best SOC prediction model, with an RMSE equal to 7.9%.



Table 8 shows the equations formulated in constructing the best models, with the coefficients returned to the non-normalized scale and the most representative wavelengths for SOC prediction (g kg−1) using PLSR.



Various bands in the visible region were selected using the Stepwise Forward method for the three models showing the best prediction performance (Figure 14 and Tables S1–S4), confirming the influence of SOC on the region of the spectrum between 350 and 720 nm.



In general, the predictive models constructed using the soil samples from A1 proved to be more efficient at estimating SOC for both multivariate methods under evaluation. This behaviour was noteworthy both before and after the selection of more significant spectral bands. Figure 15 shows the variation in the RMSE error metric as the number of factors was increased in the PCR and PLSR models for the three spectral treatments.



During the search for the subsets with the best characteristics for constructing the A1 models, the RMSE values were the lowest when up to 10 factors were required using PCR (Table 5) and PLSR (Table 7) after selecting the variables, as well as the full-spectrum PLSR model (Table 4). The exception was when constructing the full-spectrum PCR model (Table 3), when more factors were used. This superiority was even more marked when using data transformed by the first derivative, which required 17 factors for a minimum RMSE of 0.176.






4. Discussion


4.1. Descriptive Statistics


The coefficient of variation found for the SOC content (g kg−1) shows moderate data variability (12 ≤ CV ≤ 60), according to the classification by Campanha et al. [81]. Although A1 stands out in terms of data heterogeneity, this characteristic is reduced when grouping the chemical data into a single sample set (A1 & A2), where the more homogeneous SOC values of A2 have a general influence on the variation in the data. The same situation can be seen when analysing the standard deviation of the subsets.



The coefficients of kurtosis and skewness can be considered the most sensitive for observing the distribution of the data when there are extreme values relative to the mean and standard deviation, given that a single value can strongly influence these coefficients [89]. This was seen in the SOC content for A1, as shown in Table 2, where the maximum and discrepant value of 45.2 g kg−1 is highlighted, a fact that increased the asymmetry.




4.2. Hyperspectral Data Analysis


The average spectral behaviour of the soils under evaluation (Figure 6) is consistent with the mean SOC content for the two regions, where A1 displayed a lower mean SOC compared to the mean for A2 (Table 3), which explains the tendency for A1 soils to feature higher reflectance factors. The increasing continuity of the mean reflectance in the VIS-NIR region in the spectral response of A1 soils, shown in the characteristic troughs, may have been the effect of SOM in the samples, even in small quantities. The results agree with the research carried out by Pearlshtien and Ben-Dor [78], who noted the effect of increased organic matter content on a reduction in the reflectance factors of soil samples.



The troughs shown between wavelengths from 450 nm to 950 nm in the mean spectral response of the samples collected in A2 may be related to the strong presence of different forms of iron, corroborating the results presented by various authors [52,71,90] who found the predominance of both amorphous and crystalline iron in Haplic Cambisols predominant in the region of A2. Iron oxides can take the form of goethite and hematite, which respectively influence the troughs seen between 480 nm and 530 nm, as noted by Demattê et al. [22].



According to Dalmolin et al. [91], a content of more than 17.0 g kg−1 of soil organic matter negates the effect of iron oxides on the reflectance and colour of soil, the effect being stronger in the visible region. This behaviour, as described by the authors, can be seen in Figure 7, where a difference of 22.95 g kg−1 in the SOC content between two samples of the same type of soil demonstrated the masking effect of carbon on the absorption troughs of oxides [78] up to around 2000 nm and, especially in the VIS-NIR region.



According to Mulder et al. [92], dark soils typically contain more OM than light soils, reflecting the effect of the carbon content on the composition of the sample together with the change in spectral behaviour. This effect can be seen in Figure 7, where the sample with the highest SOC content (36.36 g kg−1) features a darker colour and reduced reflectance, with smoothing of the characteristic iron oxide troughs. The opposite can be seen in the spectral behaviour of the sample with the reduced SOC content (13.41 g kg−1), showing evidence of characteristic iron oxide troughs in the VIS-NIR region. Absorption curves characteristic of the presence of iron oxides and organic matter were also observed by Hong et al. [93] in the region between 480 and 900 nm.



The first-derivative transformation of reflectance for the soil samples from A2 shows discrepant peaks close to 1400, 1990, and 2200 nm (Figure 8b), the first two peaks being closely related to the hydroxyl groups and moisture between the layers of clay minerals [20,94], while the spectral band at 2200 nm is closely related to the presence of 2:1 clay minerals or kaolinite, which are able to form strong bonds with the OM, protecting any SOC [95].



The absorption peaks at 1400 and 1900 nm should be considered in spectral data acquired in the laboratory as they indicate the water remaining in a controlled environment; however, unless one is using a Hi-Brite probe type, they cannot be used in field analysis or by satellite images due to the influence of in situ atmospheric moisture.




4.3. Correlation between the Variation in Soc and the First Derivative of Reflectance


It should be noted from Figure 9a that the first derivative of the reflectance around 950 nm was positively correlated with the variation in SOC of the samples from A1 (r = 0.60), while the 2259 nm wavelength exhibited a strong negative correlation (r = −0.70) with the carbon of the samples, as well as with the soil samples from A2, which presented a marked correlation at 2241 nm (r = −0.56). These results corroborate the studies of Vohlad et al. [96], who identified the absorption region around 2200 nm as relevant for the purposes of predicting soil carbon, whereas Rinnan and Rinnan [97], using first derivative transformation, found that the region from 2040 nm to 2260 nm exerted the most influence when estimating the soil carbon.



A similar result was presented by Terra et al. [98], who, despite not observing strong relationships between the SOC content and specific wavelengths, found that these were more intense at wavelengths above 2100 nm, which were also seen around 600 nm.



The highlighted wavelength at 1763 nm in A1 & A2, exhibiting a negative Pearson correlation (r = −0.65) with the SOC concentration, is in agreement with Mondal et al. [99], who found this same pattern in the region around 1700 nm.




4.4. Estimating the SOC Content before and after Selecting the Spectral Bands


The results found using PCR with the 350–2500 nm spectrum to estimate the SOC (Table 3) are promising, and similar to those of Pudelko and Chodak [24] in validating PCR models. Pudelko and Chodak used the spectrum with no pre-processing to estimate SOC using a 12-factor model (RPD > 2.0). Other authors, such as Vasques et al. [100], obtained an R2 of 0.84 when validating PCR models for SOC with a smoothed spectrum.



In the present study, none of the applied spectral transformations were able to produce an efficient model for estimating SOC with the samples from A2, with an adjusted R2 that varied between 0.03 and 0.34, and RPD < 1.4 (Table 3). It is necessary to apply alternative techniques to improve prediction performance when using this dataset, such as employing only the most significant wavelengths.



The results of the full-spectrum PLSR validation (Table 4) are similar to those found in previous research. For example, Allory et al. [2] fitted SOC estimation models to smoothed data with an RPD > 2.0 and R2 > 0.76 using laboratory and in situ spectroscopy, where the best models were those constructed with data acquired in the laboratory. Pudelko and Chodak [24], using untransformed spectral data, estimated the concentration of soil organic carbon using a PLSR model with eight factors and a validation RPD equal to 2.18, a slightly better result to that found in the present study for the best prediction model (RPD = 2.04). Similar results were obtained by Aichi et al. [101].



The predictive model for SOC using the samples collected in A1 with smoothed reflectance factors decomposed the spectral variables from 350–2500 nm into seven latent variables capable of representing the maximum variability of the smoothed reflectance data, with each receiving a different proportion of the spectral variables in constructing the predictive model for carbon.



As in PCR, no spectral treatment succeeded in adjusting efficient prediction models when using the soil samples from A2, showing a maximum RPD of 1.29 and an adjusted validation R2 ranging from 0.02 to 0.41 (Table 4). One of the reasons that may explain the inefficiency of the PCR and PLSR estimation models with the samples from A2 is the low heterogeneity of the chemical and spectral data [99].



The low variability of the data may be associated with the string link between the organic carbon content and the clay minerals and iron oxides in the soil [102,103], preventing their loss, and ensuring the stability of the organic matter and the continued permanence of SOC in the soil matrix of the soils in A2. Stenberg et al. [104] also noted that metrics such as the R2 and RPD tend to increase with the variation in SOC values, as both depend on the standard deviation of the sample subset under analysis.



Spectral bands between 2100 nm and 2300 nm were selected when using the untransformed spectrum in all the sample subsets, and when using the first derivative transformation of reflectance with A1 only and with the data organised into A1 & A2. A similar result was seen by Terra et al. [98] who, despite not observing strong relationships between the SOC content and specific wavelengths, found that these were more intense in the bands around 600 nm and those above 2100 nm. According to Madeira Netto and Baptista [83], there are also absorptions between 2100 and 2200 nm that may correspond to combinations between the hydroxyl group and organic carbon.



Gmur et al. [105] reported SOC prediction models with an R2 equal to 0.93 using wavelengths of 400, 409, 441, and 907 nm, and OM prediction models with an R2 equal to 0.98, using the 300, 400, 441, 832, and 907 nm bands. In addition to the wavelengths in the VIS-NIR range (350–1200 nm), the spectral bands in the SWIR range were also significant in predicting organic carbon. Between 1406 nm and 2057 nm, specific spectral bands could be used, as shown in Table 7. Similarly, Vohland et al. [96] found that the VIS-NIR-SWIR wavelengths of 450 nm, 520 to 535 nm, 560 to 575 nm, 630 to 640 nm, 1895 to 1905 nm, 2210 nm, and 2495 to 2500 nm were important for predicting SOC.



Stenberg et al. [104] state that the bands around 1100 nm, 1600 nm, 1700 to 1800 nm, 2000 nm, and 2200 to 2400 nm can be considered particularly important for estimating the organic carbon content of soil, demonstrating that the choice of these bands using Stepwise Forward was effective when the first derivative transformation of reflectance was used with each of the sample subsets. When using the first derivative to select spectral bands, it was also found that for the three sample subsets, bands between 1600 nm and 1800 nm were selected, which may be related to the phenolic (O-H) and aliphatic carboxyl (C-H) groups in the organic matter, as noted by Fidêncio et al. [85].





5. Conclusions


The use of the Stepwise-Forward method ensured better SOC estimation performance when using the PLSR and PCR methods. After selecting the most relevant wavelengths, the SOC content of the Fluvic Neosol samples produced the best estimate by applying the Savitzky–Golay smoothed spectrum to both PLSR and PCR. The same behaviour was seen when samples from both soils (A1 & A2) were used together to build the chemometric models. For the samples of Haplic Cambisol, the SOC content was adequately estimated applying the transformed spectrum to the first derivative in both multivariate methods. It should be noted that the ability to represent the structure of the SOC data was greater in the PLSR method, even though the models featured fewer independent variables.



Thus, it is understood that reflectance spectroscopy coupled with multivariate statistical techniques, is an efficient method for estimating the soil organic carbon content of Fluvic Neosols and Haplic Cambisols in semi-arid regions, and specific models can be used for each class, or together for both classes in a single dataset.
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Figure 1. Map of the study region. 
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Figure 2. Location of soil collection points, and a detailed view of the distribution of the chosen samples. 
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Figure 3. Data acquisition geometry. Adapted from [45]. 
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Figure 4. Workflow of sample preparation for the chemical and spectral analysis. 
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Figure 5. Workflow for estimating soil organic carbon. 
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Figure 6. Mean (lines) and standard deviation (edges) in full spectra of the soil samples collected in A1 and A2, and influence of the soil attributes on the spectrum. 
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Figure 7. Full spectra of samples from A2 with different SOC content. 
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Figure 8. Treatments for the mean spectral data of the samples from A1 and A2: (a) untransformed Spectra; (b) first derivative; (c) Savitzky–Golay smoothing. 
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Figure 9. Pearson correlation between the SOC content and the first derivatives, for samples from (a) A1; (b) A2; and (c) A1 & A2. 
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Figure 10. PCR model loadings for A1 using smoothed reflectance to estimate SOC. 
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Figure 11. PLSR model loadings for A1 using smoothed spectral data in estimating soil organic carbon. 
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Figure 12. Locations of selected spectral variables for the three sample sets and spectral treatments under analysis. 
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Figure 13. Validation results of the PCR models for SOC prediction after selecting the spectral bands, for (a) smoothed reflectance—A1, (b) first derivative—A2, and (c) smoothed reflectance—A1 & A2. 
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Figure 14. Validation results of the PLSR models for SOC prediction after selecting the spectral bands, for (a) smoothed reflectance—A1, (b) first derivative—A2, and (c) smoothed reflectance—A1 & A2. 
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Figure 15. RMSE in SOC prediction for models using samples from A1 for (a) full-spectrum PCR; (b) full-spectrum PLSR; (c) PCR after Stepwise Forward; and (d) PLSR after Stepwise Forward. 
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Table 1. Description of the sampling areas and analysed soils, as per the Brazilian System of Soil Classification (SiBCS), with the soil taxonomy in brackets.
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	Attribute
	A1
	A2





	Municipality
	Morada Nova, Ceará
	Limoeiro do Norte,

Ceará



	Hydrographic basin
	Banabuiú
	Lower Jaguaribe



	area
	18.22 km2
	37.65 km2



	Predominant soil class
	Fluvic Neosols (Fluvents)
	Haplic Cambisols

(Typic Dystrudept)



	Predominant textural classes
	Sandy-loam to

Silt-clay-loam
	Sandy-loam to Clay



	Mean particle size

(sand-silt-clay) [45]
	44%-35%-21%
	48%-22%-30%



	Number of samples collected
	29
	36
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Table 2. Descriptive statistics for the SOC content of the data, separated by area of collection (A1; A2) and unified into one set (A1 & A2).
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Soil Organic Carbon (g/kg)




	
Statistical Parameters

	
A1

	
A2

	
A1 & A2






	
Mean

	
16.86

	
23.30

	
20.43




	
Standard error

	
1.64

	
0.91

	
0.97




	
Median

	
16.77

	
23.71

	
20.72




	
Standard deviation

	
8.84

	
5.48

	
7.81




	
Coefficient of variation (%)

	
52.42

	
23.50

	
38.23




	
Sample variance

	
78.16

	
29.98

	
60.99




	
Curtosis

	
2.19

	
−0.52

	
0.49




	
Assimetry

	
1.07

	
0.03

	
0.16




	
Amplitude

	
39.46

	
22.95

	
39.46




	
Minimum

	
5.74

	
13.41

	
5.74




	
Maximum

	
45.20

	
36.36

	
45.20




	
Kolmogorov-Smirnov (p-value)

	
0.561

	
0.693

	
0.510




	
Normality

	
Normal

	
Normal

	
Normal




	
Count

	
29

	
36

	
65
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Table 3. Validation results of the PCR models for estimating SOC using the 350–2500 nm spectrum.
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Sample

	
Spectral Data

	
Nbr of Factors

	
R2 Calib.

	
R2 Valid.

	
Adj. R2 Valid.

	
RMSE (Norm)

	
Standard Dev.

	
RPD






	
A1

(20/9)

	
Untransformed

	
11

	
0.78

	
0.86

	
0.84

	
0.152

	
0.31

	
2.03




	
First derivative

	
17

	
0.99

	
0.91

	
0.90

	
0.176

	
0.31

	
1.76




	
Smoothed reflectance

	
11

	
0.78

	
0.86

	
0.84

	
0.150

	
0.31

	
2.06




	
A2

(25/11)

	
Untransformed

	
19

	
0.96

	
0.40

	
0.34

	
0.217

	
0.28

	
1.30




	
First derivative

	
5

	
0.59

	
0.13

	
0.03

	
0.257

	
0.28

	
1.10




	
Smoothed reflectance

	
20

	
0.95

	
0.39

	
0.32

	
0.221

	
0.28

	
1.28




	
A1 & A2 (45/20)

	
Untransformed

	
26

	
0.89

	
0.77

	
0.76

	
0.106

	
0.22

	
2.11




	
First derivative

	
1

	
0.55

	
0.17

	
0.13

	
0.292

	
0.22

	
0.77




	
Smoothed reflectance

	
20

	
0.84

	
0.73

	
0.72

	
0.116

	
0.22

	
1.93
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Table 4. Validation results for the PLSR models for estimating SOC using the 350–2500 nm spectrum.
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Sample

	
Spectral Data

	
Nbr of Factors

	
R2 Calib.

	
R2 Valid.

	
Adj. R2 Valid.

	
RMSE (Norm)

	
Standard Dev.

	
RPD






	
A1

(20/9)

	
Untransformed

	
8

	
0.87

	
0.81

	
0.78

	
0.150

	
0.31

	
2.07




	
First derivative

	
6

	
0.98

	
0.88

	
0.86

	
0.160

	
0.31

	
1.93




	
Smoothed reflectance

	
7

	
0.78

	
0.84

	
0.81

	
0.151

	
0.31

	
2.04




	
A2

(25/11)

	
Untransformed

	
11

	
0.98

	
0.44

	
0.38

	
0.223

	
0.28

	
1.27




	
First derivative

	
1

	
0.98

	
0.07

	
0.02

	
0.292

	
0.28

	
0.97




	
Smoothed reflectance

	
11

	
0.96

	
0.47

	
0.41

	
0.218

	
0.28

	
1.29




	
A1 & A2 (45/20)

	
Untransformed

	
12

	
0.89

	
0.73

	
0.71

	
0.119

	
0.22

	
1.88




	
First derivative

	
1

	
0.61

	
0.19

	
0.14

	
0.302

	
0.22

	
0.74




	
Smoothed reflectance

	
13

	
0.88

	
0.76

	
0.75

	
0.112

	
0.22

	
1.99
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Table 5. PCR models for SOC prediction after selecting the spectral bands.
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Sample

	
Spectral Data

	
Nbr of Factors

	
R2 Calib.

	
R2 Valid.

	
Adj. R2 Valid.

	
RMSE (Norm)

	
Standard Dev.

	
RPD






	
A1

(20/9)

	
Untransformed

	
10

	
0.97

	
0.96

	
0.96

	
0.117

	
0.31

	
2.65




	
First derivative

	
10

	
0.72

	
0.90

	
0.89

	
0.108

	
0.31

	
2.85




	
Smoothed reflectance

	
9

	
0.90

	
0.91

	
0.90

	
0.092

	
0.31

	
3.38




	
A2

(25/11)

	
Untransformed

	
5

	
0.62

	
0.61

	
0.57

	
0.181

	
0.28

	
1.56




	
First derivative

	
10

	
0.82

	
0.75

	
0.72

	
0.159

	
0.28

	
1.77




	
Smoothed reflectance

	
4

	
0.46

	
0.61

	
0.56

	
0.202

	
0.28

	
1.40




	
A1 & A2 (45/20)

	
Untransformed

	
6

	
0.74

	
0.71

	
0.70

	
0.118

	
0.22

	
1.90




	
First derivative

	
11

	
0.86

	
0.82

	
0.81

	
0.102

	
0.22

	
2.19




	
Smoothed reflectance

	
13

	
0.86

	
0.88

	
0.87

	
0.077

	
0.22

	
2.90
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Table 6. Equations for SOC prediction (g kg−1) with the best models constructed using PCR for each sample subset, including the respective adjusted R2.






Table 6. Equations for SOC prediction (g kg−1) with the best models constructed using PCR for each sample subset, including the respective adjusted R2.





	Sample
	Spectral Data
	Best SOC Prediction Models
	Adj. R2





	A1
	Smoothed reflectance
	Y = 33.62032 + 1005.37 (ρ 1876 nm) − 2749.841 (ρ 2047 nm) + 3447.796 (ρ 369 nm) − 3087.381 (ρ 354 nm) − 1961.023 (ρ 361 nm) − 2416.18 (ρ 366 nm) + 2568.7 (ρ 355 nm) + 1783.143 (ρ 2037 nm) + 1103.126 (ρ 375 nm)
	0.90



	A2
	First derivative (ρ’)
	Y = 7.1693 + 42,200.559 (ρ’ 1813 nm) + 26,103.8192 (ρ’ 1840 nm) − 7700.9938 (ρ’ 419 nm) – 17,267.2974 (ρ’ 1719 nm) +

32,662.4702 (ρ’ 1273 nm) + 14,296.5261 (ρ’ 406 nm) +

2574.3248 (ρ’ 1685 nm) – 18,546.4386 (ρ’ 1757 nm) +

3891.96 (ρ’ 380 nm) + 5449.9437 (ρ’ 1728 nm)
	0.72



	A1 & A2
	Smoothed reflectance
	Y = 15.3110 − 816.0873 (ρ 2057 nm) + 4177.451 (ρ 370 nm) + 408.1595 (ρ 605 nm) + 770.9059 (ρ 1876 nm) + 2420.435 (ρ 390 nm) −

758.8688 (ρ 362 nm) + 317.3015 (ρ 1406 nm) + 288.1545 (ρ 2018 nm) − 1810.411 (ρ 371 nm) − 776.0894 (ρ 691 nm) − 2994.089 (ρ 388 nm) − 958.5162 (ρ 381 nm) + 297.9998 (ρ 708 nm) − 442.805 (ρ 1880 nm)
	0.87
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Table 7. PLSR models for SOC prediction after selecting the spectral bands.






Table 7. PLSR models for SOC prediction after selecting the spectral bands.





	
Sample

	
Spectral Data

	
Nbr of Factors

	
R2 Calib.

	
R2 Valid.

	
Adj. R2 Valid.

	
RMSE (norm)

	
Standard Dev.

	
RPD






	
A1

(20/9)

	
Untransformed

	
9

	
0.95

	
0.95

	
0.95

	
0.141

	
0.31

	
2.19




	
First derivative

	
9

	
0.72

	
0.90

	
0.89

	
0.109

	
0.31

	
2.85




	
Smoothed reflectance

	
8

	
0.90

	
0.92

	
0.91

	
0.087

	
0.31

	
3.56




	
A2

(25/11)

	
Untransformed

	
5

	
0.62

	
0.61

	
0.57

	
0.182

	
0.28

	
1.56




	
First derivative

	
7

	
0.81

	
0.74

	
0.71

	
0.159

	
0.28

	
1.78




	
Smoothed reflectance

	
4

	
0.46

	
0.61

	
0.56

	
0.202

	
0.28

	
1.40




	
A1 & A2 (45/20)

	
Untransformed

	
6

	
0.74

	
0.71

	
0.70

	
0.118

	
0.22

	
1.90




	
First derivative

	
7

	
0.86

	
0.86

	
0.85

	
0.097

	
0.22

	
2.30




	
Smoothed reflectance

	
9

	
0.83

	
0.88

	
0.87

	
0.079

	
0.22

	
2.85
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Table 8. Equations for SOC prediction (g kg−1) with the best models constructed using PLSR for each sample subset, including the respective adjusted R2.






Table 8. Equations for SOC prediction (g kg−1) with the best models constructed using PLSR for each sample subset, including the respective adjusted R2.





	Sample
	Spectral Data
	Best SOC Prediction Models
	Adj. R2





	A1
	Smoothed reflectance
	Y = 33.11747 + 1056.97 (ρ 1876 nm) − 2634.573 (ρ 2047 nm) +

3390.864 (ρ 369 nm) − 3108.625 (ρ 354 nm) − 2379.895 (ρ 361 nm) −

2363.19 (ρ 366 nm) + 2709.004 (ρ 355 nm) + 1617.641 (ρ 2037 nm) + 1393.959(ρ 375 nm)
	0.91



	A2
	First derivative

(ρ’)
	Y = 7.0083 + 42,065.0622 (ρ’ 1813 nm) + 25,818.0458 (ρ’ 1840 nm) − 7725.9588 (ρ’ 419 nm) − 17,941.3756 (ρ’ 1719 nm) +

31,823.2575 (ρ’1273 nm) + 15,099.1473 (ρ’ 406 nm) +

1880.134 (ρ’1685 nm) – 16,964.3115 (ρ’ 1757 nm) +

3299.873 (ρ’ 380 nm) + 5051.7084 (ρ’ 1728 nm)
	0.71



	A1 & A2
	Smoothed reflectance
	Y = 17.0995 − 741.6441 (ρ2057 nm) + 4471.37 (ρ370 nm) +

364.3325 (ρ605 nm) + 639.766 (ρ1876 nm) + 2839.064 (ρ390 nm) − 932.5751 (ρ362 nm) + 294.2628 (ρ1406 nm) + 163.4081 (ρ2018 nm) –2184.5980 (ρ371 nm) − 738.3680 (ρ691 nm) − 3583.7460 (ρ388 nm) –549.9565 (ρ381 nm) + 306.6913 (ρ708 nm) − 248.5569 (ρ1880 nm)
	0.87
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