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Abstract

:

In this study, a regression model of paddy soil properties using diffuse reflectance spectroscopy was developed to replace chemical soil analysis as a more efficient alternative. Soil samples were collected and analyzed from saltwater paddy fields located in Jeongnam-myeon, Hwaseong-si, Gyeonggi-do in the Republic of Korea, and the spectral data of wet and dry soil were collected. The regression models were compared and analyzed using partial least squares regression (PLSR) with Savitzky–Golay smoothing (SG smoothing) and Standard Normal Variate (SNV) preprocessing to predict the soil properties. Analysis showed that the predictive regression model of wet soil with SG smoothing and an SNV did not meet the evaluation criteria of a fair model. However, the regression model of dry soil with SG smoothing was fair for clay, pH, EC, and TN at RPD = 1.90, 1.87, 1.60, and 1.43 and R2 = 0.79, 0.81, 0.64, and 0.64, respectively, while the regression model of dry soil with an SNV was good for clay, pH, EC, and TN at RPD = 2.21, 1.96, 1.70, and 1.44 and R2 = 0.84, 0.81, 0.76, 0.69, respectively. When developing predictive regression models of soil properties, the accuracy for dry soil was higher than that for wet soil, and when applying a single round of preprocessing, the regression model with SNV preprocessing was more accurate than that with SG smoothing.
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1. Introduction


In agriculture, soil is directly involved in the growth of crops, providing nutrients and moisture and a stable base for roots. Therefore, continuous soil management is essential for the production of high-quality agricultural products, including improved crop productivity. Soil property analysis is also important [1,2,3,4]. Soil property analysis is typically performed in a laboratory after the soil samples have been collected and utilizes a variety of chemical methods [5]. Although these methods are highly accurate in measuring soil properties, they are not efficient, as they consume large amounts of time, money, and labor. Therefore, for rapid soil property identification and testing, a technology that can quickly measure in the field is needed [6].



Diffuse reflectance spectroscopy (DRS) analyzes based on the interaction between incident light and the soil surface, mainly in the visible, near-infrared, and mid-infrared (VIS, NIR, and MIR) spectra at 400−700, 700−2500, and 2500−25,000 nm, respectively, with the VIS-NIR spectral region being suitable for measuring and predicting soil properties [7,8,9]. Using DRS, the reflected light depends on the physical and chemical properties of the soil, allowing for the simultaneous measurement of different soil properties [10]. In addition, Lee et al. (2009) [9] developed an effective estimation model of soil properties within the NIR wavelength range rather than the VIS-NIR wavelength range. The duration and cost of soil property analysis can be reduced by developing a soil property prediction model, and in the future, real-time field measurements could be made using this model. According to Rebecca et al. (2021) [11], soil properties can be predicted at a single level or multiple levels. However, studies using a single level are rare, and often, combined preprocessing techniques are conducted at multiple levels.



According to Veum et al. (2018) [12], the soil property predictive model depends on various factors, such as spectral preprocessing, calibration modeling, and data set size. Various analysis methods, such as machine learning (ML) algorithms, artificial neural networks (ANNs), support vector machines (SVMs), Cubist models, random forest (RF), and memory-based learning (MBL), could be used for the soil property predictive model. ML could be applied to complex nonlinear relationships between the predicted and response variables. An SVM as a kernel-based algorithm is transformed to maximize the distance of the nearest data points in the input classes into a high-dimensional space. The ANN algorithm learns through optimization until the differences between the observed and predicted values are minimized. The Cubist model is based on a classification and regression tree approach, where prediction is based on intermediate linear models formed at each tree node [13].



Xiaoshuai et al. (2019) [14] developed a soil property prediction model utilizing four analysis models, such as partial least squares regression (PLSR), neural network (NN), decision tree learning, and RF. Overall, they reported that the PLSR method could accurately estimate various physical and chemical soil properties. Haijun et al. (2017) [15] used PLSR and linear multitask learning (LMTL) analysis models to develop a prediction model of soil properties, such as nitrogen (N), phosphorus (P), potassium (K), pH, electrical conductivity (EC), organic matter (OM), and water content (WC). The PLSR model showed better results than the LTML model for most soil properties except P, pH, and WC. The PLSR analysis technique has shown good results in predicting various soil properties, but it is known that various factors, such as soil moisture content and soil properties, affect the model’s accuracy [7,8]. Factors such as soil moisture content and satellites, which affect the correlation between spectral reflectance and soil properties, can be improved using various forms of preprocessing [16]. Among the preprocessing techniques, Gholizadeh et al. (2014) [17] used SG smoothing to predict paddy soil properties, and the goodness of fit of the calibration model for VIS and NIR showed a coefficient of determination R2 > 0.78 for all the physical properties of soil.



The analysis utilizing DRS could substitute conventional methods of soil properties analysis which consume time and cost and proceed with rapid and accurate soil properties. Conforti et al. (2017) [18] predicted soil properties of total nitrogen (TN), pH, and soil texture using PLSR analysis and demonstrated the soil property prediction model using DRS. Miloš et al. (2022) [19] analyzed soil properties using various preprocessing methods and optimized the prediction model according to each preprocessing selection.



The purpose of this study is to analyze the soil properties of saltwater paddies in real time in Korean fields and develop soil property prediction regression models for wet soil and dry soil by applying Savitzky–Golay smoothing (SG smoothing) and Standard Normal Variate (SNV) preprocessing methods.



We collected 120 samples of saltwater hazelnut soil in Korea and analyzed the soil properties. The specific objectives were as follows:




	
Collect spectral data of soil in a wet state (wet soil) and soil in a dry state (dry soil) and develop a predictive regression model using PLSR analysis;



	
Perform comparative analysis between the soil property prediction regression models using the preprocessing techniques of SG smoothing and SNV.









2. Materials and Methods


2.1. Soil Property Analysis and Spectral Measurements


The soil samples were collected from 21 to 22 April 2023 from saltwater paddy fields in Jeongnam-myeon, Hwaseong-si, Gyeonggi-do in the Republic of Korea (Figure 1). The humidity and ambient air temperature were 36% and 16.7 °C, respectively, and the soil textures were silty clay loam and silty loam. A total of 120 soil samples were collected at a depth of 15 cm using a soil sampler (Edelman Auger, Eijkelkamp, The Netherlands) (Figure 2a), after removing 3 cm from the topsoil to discard debris. Five soil samples were collected with mixed soil properties to minimize the error in soil sample composition. Except for some soil samples for spectroscopic analysis, the remaining soil sample properties were analyzed at the Soil Verification Center of the Korea Agriculture Technology Promotion Agency. The soil properties pH, EC, soil organic matter (SOM), TN, total organic carbon (TOC), and clay were analyzed according to the soil chemical analysis manual of the Korea Agriculture Technology Promotion Agency [20].



Table 1 represents the mean and standard error of the soil samples analyzed, which are as follows: pH = 7.48 ± 0.37; EC = 7.48 ± 0.37 dS/m; SOM = 32.09 ± 5.36 g/kg; TN = 0.13 ± 0.02 g/kg; TOC = 1.86 ± 0.31 g/kg; and clay = 30.66 ± 0.03%. Most of the soil properties showed less than 15% difference from the mean.



Cho et al. (2018) [21] compared the estimation models of the moist and dry soil. Most of the models of dry soil provided better estimates of TOC and TN than those of moist soil. Within the VIS-NIR spectrum [17,22,23,24], the estimated soil moisture content was affected. Spectra were collected for each soil sample before drying (wet soil) and after drying (dry soil). The dry soil samples were dried in an oven desiccator at 103 °C for 24 h in accordance with ASAE Standard S358 2 (DEC93) [25], as shown in Figure 2b, and were sieved to 2 mm. Spectra for the pre-dried and post-dried soils were collected utilizing ASD Field Spec PRO4 spectrometry (ASD Inc., Boulder, CO, USA), as shown in Figure 2c. The spectra were collected on 8–9 May 2023, during the peak solar period from 1100 to 1500 h, when the ambient air temperature was 19.5 °C and the average solar radiation was 944.0 W/m2. A white, 100% reflective, standardized Spectralon® (Labsphere, North Sutton, NH, USA, 2013) reflector was used, which was calibrated and optimized to minimize the scattering and noise caused by sunlight. The spectra were collected at 1 nm intervals, and reflectance was measured in the 350–2500 nm range. Each spectrum was measured using 10 replicates per soil sample point to reduce error and then averaged [26].




2.2. Soil Spectrum Preprocessing


Rinnan et al. (2009) [27] reported that preprocessing can be utilized to remove physical phenomena from spectra to improve multivariate regression, classification models, etc. Different preprocessing methods have a significant impact on the outcome of data analysis and collecting spectra without preprocessing results in less accurate data due to the ambient environment in the field [26,28]. Gholizadeh et al. (2015) [29] reported that preprocessing is effective at removing noise from spectra and enhancing their characteristics and accuracy. Conforti et al. (2017) [18] applied SG and SNV preprocessing to predict soil properties such as soil organic carbon (SOC), TN, pH, and soil texture (sand, silt, and clay). As a result, the following R2 values were obtained for each property: 0.92, 0.85, 0.73, 0.84, 0.74, and 0.83, respectively.



In this study, Savitzky–Golay smoothing (SG smoothing) and Standard Normal Variate (SNV) preprocessing were applied to develop the optimal soil property prediction regression model, and the preprocessing of the spectra was performed with Unscrambler (ver. 10.4, CAMO, Inc., Oslo, Norway). Spectral data in the 350–400 nm range were removed due to the low signal-to-noise ratio. The reflectance of the spectra for the pre-dried and post-dried soil samples collected in the fields was converted into absorbance (  A = l o g   [ 1 / R e f l e c t a n c e ]  ), and the spectra were analyzed by applying SNV and SG smoothing, as shown in Figure 3.



Savitzky–Golay smoothing uses polynomial regression to correct the wavelength between two points, and this process is repeated to correct the entire spectrum Formula (1).


  SG =     ∑  i = − m   m      C   i     Y   j       N    



(1)




where     Y   j     represents the original spectrum data,     C   i     denotes the filtering coefficient, and   N   reflects the number of points in the moving window (  N = 2 m + 1  ).



This technique is used to smooth the spectrum by removing high-frequency noise, while allowing low-frequency signals to pass through, and because it benefits from a broader range of data compared to other preprocessing techniques, it is often used in spectroscopic analysis [30,31,32]. In this study, the second derivative with nine smoothing points was applied in the preprocessing of SG smoothing.



Standard Normal Variate preprocessing was reported by Barnes et al. (1989) [33]. This is a widely used preprocessing technique to reduce the multiplicative effects of scattering and grain size and to reduce the overall intensity differences in the signals; each spectrum is centered and then rescaled by dividing by its standard deviation Formula (2).


    x   i , j   S N V   =     x   i , j   −     x  ¯    i          ∑  j = 1   p    (     x   i , j   −     x   i    ¯  )   2         p − 1       



(2)




where     x   i , j     represents the j spectrum of the i sample,       x   i    ¯    denotes the average of spectrum   i  , and   p   reflects the number of samples.




2.3. Analysis and Validation Methods


Partial least squares regression (PLSR) was reported by Wold et al. (1985) [34] and has become a widely used modeling technique in soil physical and chemical composition prediction and highly collinear spectral analysis [35,36]. PLSR specifies the linear relationship between the independent (X) and dependent variables (Y) by extracting several linear combinations (T). The original spectrum matrix (X) could be computed as eigenvectors. After estimating the model parameters, the final predictive model is presented Formulas (3)–(5). PLSR analysis specifies the linear relationship between X and Y by reducing the data from the covariance matrix X to generate new components composed of linear combinations of the original covariates. Throughout this process, the aim is to capture the variability in predictor variables and maximize the covariance between all the linear combinations of the covariance matrix X and the response variable Y. PLSR allows for modeling multiple response variables by effectively handling the strongly correlated variables and noisy independent variables.


  T = X V  



(3)




where   V   represents the weights.


  Y =   T   q   + f  



(4)




where   T   represents the relationship between variables   X   and   Y  , while   f   denotes the residuals, indicating the noise and unrelated variability between   X   and   Y  .


  y =   b   0   +   x   i       b  ~    i    



(5)




where     b   0     represents the intercept, and       b   i    ~    represents the regression vector.



Unscrambler (ver. 10.4, CAMO, Inc., Oslo, Norway) was used to develop predictive regression models of the soil properties and spectra using PLSR. The collected spectra were divided into two spectral bands—(1) VIS at 400–700 nm, and (2) NIR at 700–2500 nm—and the chemical composition of the collected soil samples was analyzed using PLSR. A total of 120 samples were randomly selected and divided into data sets for regression and validation using the PLSR regression model at a ratio of 8:2. To increase the predictive capability and decrease the potential for overfitting, a cross-validation procedure was used to select the number of PLS factors to use for regression. To evaluate the performance of the soil property prediction regression model, we utilized the coefficient of determination (R2), root-mean-square error of prediction (RMSE), and relative reproducibility deviation (RPD), which is the ratio of the standard deviation to the RMSE [37]. Of these values, R2 is a measure of the goodness of fit of a regression equation, indicating how well the regression line estimated using the sample data fits the actual measured data; the RMSE represents the ratio between the means of the measured data, indicating the relative estimation error; and RPD denotes the ratio of the standard deviation of the entire data set to the RMSE [38]. RPD is calculated as the standard deviation of the measured value, divided by the RMSE of the validation data Formulas (6)–(8).


    R   2   = 1 −     ∑  i = 1   n          Y   m e a s u r e   −   Y   p r e d       2         ∑  i = 1   n          Y   i   −   Y   m e a n       2        



(6)




where     Y   m e a s u r e     represents the measured value,     Y   p r e d     denotes the predicted value,     Y   m e a n     reflects the average of the measured values, and n represents the number of measurements and predictions, where   i   = 1 to   n  .


  R M S E =    1   n     ∑  i = 1   n          Y   p r e d   −   Y   m e a s u r e       2       



(7)




where   S D   represents the standard deviation of the measured values.


  R P D =   S D   R M S E    



(8)




where   R M S E   represents the root-mean-square error of the verification data.



Cho et al. (2017) [39] proposed the RPD as an alternative to the RMSE when comparing the results from highly variable data. Regression models based on higher values of RPD and lower values of RMSE are more stable [31]. Chang et al. (2001) [40] divided RPD into three categories and showed that for soil property prediction regression models, RPD ≥ 2.0 represents a good model, 1.4 < RPD < 2.0 denotes a fair model, while RPD ≤ 1.4 reflects a poor model. In this estimated model, input data were served by soil reflectance, and output data consisted of soil properties of pH, EC, SOM, TN, TOC, and clay content. The best-estimated model of soil properties was selected by the lowest RMSE and highest R2, as in Chang et al. (2001) [40].





3. Results and Discussion


3.1. PLSR by Preprocessing Using Savitzky–Golay Smoothing


Table 2 shows the results of PLSR analysis with SG smoothing applied to the dry and wet soil samples for the VIS and NIR spectral regions. In PLSR analysis, the number of factors affects the results, so the regression model of wet soil was developed with two factor counts: the number of appropriate factors and the same number of factors in the dry soil regression model. The evaluation of the regression model was performed based on the RPD value using the method created by Cho et al. (2017) [39].



The results of PLSR analysis with preprocessing SG smoothing for dry clay showed RPD values of pH, EC, SOM, TN, TOC, and clay of 1.43–1.87, 1.30–1.60, 1.17–1.38, 1.26–1.43, 1.16–1.39, and 1.67–1.90, respectively, and all the properties except clay were evaluated as the best in the VIS spectral region. In addition, pH, EC, TN, and clay met the evaluation criteria for a fair model.



The PLSR analysis of wet soil showed RPD values of pH, EC, SOM, TN, TOC, and clay of 1.09–1.16, 1.09–1.11, 1.05–1.06, 1.09–1.18, 1.01–1.03, and 1.12–1.15, respectively, which, with the exception of the SOM and clay, were the best values in the NIR region. With the right number of factors, the RPD values of pH, EC, SOM, TN, TOC, and clay were 1.13–1.26, 1.10–1.11, 1.06–1.07, 1.07–1.18, 1.03–1.07, and 1.15–1.23, respectively, while the predictive regression model for all the properties had the highest statistical value in the NIR region. However, both the regression models with the same number of factors as clay and the right number of factors were rated as poor models. The model with an appropriate number of factors showed increasing R2 and RPD values for the soil properties, which were compared to those of the model with the same number of factors as dry soil, for which the RPD values increased by at least 1% and up to 9%. However, in the case of TN, the RPD values decreased. Dry soils had a minimum of about 7% and a maximum of about 72% increase in the RPD values, which were compared to those of the wet soils.




3.2. PLSR by Preprocessing Using the Standard Normal Variate


Table 3 shows the results of PLSR analysis with SNVs applied to the dry and wet soil samples within the VIS and NIR spectral regions. To develop the regression model for wet soil, analysis was performed with two factor counts: the same number of factors fitted with SG smoothing and the same number of factors in the dry soil regression model.



The results of PLSR analysis using preprocessing SNVs for dry clay showed RPD values for pH, EC, SOM, TN, TOC, and clay of 1.40–1.96, 1.31–1.70, 1.16–1.31, 1.20–1.44, 1.16–1.32, and 1.72–2.21, respectively, and all the properties were evaluated as the best in the VIS spectral region. In addition, clay met the evaluation criteria of a good model, while the pH, EC, and TN met the evaluation criteria of a fair model.



The PLSR analysis of wet soil showed the following RPD values for pH, EC, SOM, TN, TOC, and clay of 1.11–1.17, 1.02–1.13, 1.03–1.05, 1.11–1.14, 1.00–1.10, and 1.19, respectively. The results of RPD for pH, EC, SOM, TN, TOC, and clay were 1.13–1.19, 1.10–1.13, 1.04–1.08, 1.13–1.14, 1.01–1.10, and 1.21–1.24, respectively, when the model was set to the appropriate number of factors. The regression model analysis of wet soils showed the highest statistical values in the NIR region for all the soil properties except EC and TN, but both the regression model with the same number of factors as dry soils and the regression model with an appropriate number of factors were rated as poor models. The model with the right number of factors showed increasing R2 and RPD values for the soil properties, which were comparable to those of the model with the same number of factors as the dry soil model, with RPD values increasing by a minimum of 1% and a maximum of 8%. In addition, the RPD values for dry soil increased by a minimum of about 5% and a maximum of about 86%, which were comparable to those of the wet soil.




3.3. Comparison of Regression Models Predicting Soil Properties Using Preprocessing


The analysis of dry and wet soils showed that the regression model of soil property predictions with the SNV was statistically better than the regression model with SG smoothing, and the SNV was more favorable for PLSR analysis with a single round of preprocessing (Table 2 and Table 3).



The PSLR analysis of the model of dry soil with SG smoothing showed that pH and clay met the evaluation criteria of a fair model with RPD values of 1.43–1.87 and 1.67–1.90 in the VIS and NIR spectral regions, respectively, while EC and TN showed a fair model with RPD values of 1.60 and 1.43 in the VIS spectral region, respectively. The regression model of dry soil showed a minimum of 7% and a maximum of 72% increase in the RPD values, which were comparable to those of the wet soil.



The PSLR analysis of the model of clay with SNVs resulted in an RPD of 1.72–2.21 for clay, which met the evaluation criteria of a good model in the VIS spectral region and a fair model in the NIR spectral region. The pH RPD of 1.40–1.96 met the criteria for a fair model in both the VIS and NIR spectral regions, and the TN RPD of 1.44 met the criteria for a fair model in the VIS spectral region, but all the other soil property regression models were poor. The regression model of dry soil showed a statistical increase in the RPD values from a minimum of about 5% to a maximum of about 86%, which were comparable to those of the wet soil.



Overall, the PLSR analysis results of the wet soils showed low statistical values. The moisture content of soil is an important factor that has different effects on the spectra and reduces the prediction accuracy [35,36,37]. Therefore, the soil samples collected from the four fields had different soil moisture distributions, which may explain the lower PSLR analysis results for wet soils compared to those of the dry soils. When developing a regression model for predicting the properties of wet soils, the model with an appropriate number of factors showed increasing R2 and RPD values, which were comparable to the dry soil model with the same number of factors. However, for the model that underwent SG smoothing, the RPD values decreased in the NIR spectral region of TN; this trend is believed to be caused by the predictive value of the model being larger than the variability in the measured data.



PLSR analysis generates a regression coefficient, the B–matrix coefficient (beta coefficient), which can be used to identify which wavelengths in the spectrum are most influential in the regression model. The B–matrix represents the strength of the latent variables that can directly or indirectly influence the dependent variable. Figure 4 shows the wavelengths of the B–matrix after applying SG smoothing and SNV preprocessing on clay soil. Overall, the B–matrix wavelengths of the dry clay showed similar trends in the bands with ranges of 1350–1450 nm and 1800–1950 nm, but only the pH and TOC properties with an SNV increased in the 1350–1450 nm region. In the 1800–1950 nm region, the wavelengths of all the soil properties with SG smoothing and SNV preprocessing showed similar trends, while the other soil properties decreased.



Figure 5 shows dotted line plots for the top four property regression models with SG smoothing and SNV preprocessing of dry clay, with the properties of pH, EC, TN, and clay having the best statistical values in both the regression models. Compared to the regression model that underwent SG smoothing, the regression model with SNVs showed generally better results. For TN, there was no significant difference between the results of SG smoothing (RPD = 1.43, R2 = 0.51) and SNV preprocessing (RPD = 1.44, R2 = 0.55), but for clay, the model with the SNV (RPD = 2.21, R2 = 0.80) had about a 16% higher RPD compared to that of the model that underwent SG smoothing (RPD = 1.90, R2 = 0.72).





4. Conclusions


This study aimed to investigate the regression model of soil property prediction by using a DRS preprocessing method after collecting soil samples from saltwater paddy fields in Korea. A total of 120 soil samples from saltwater paddy fields were collected for property analysis, spectral data were collected for the dry and wet soils, and PLSR analysis was then performed by applying SG smoothing and SNV preprocessing methods.



For the soil property prediction models of the wet soil collected from the fields that underwent SG smoothing and SNV preprocessing, both resulted in a poor model. However, when SG smoothing was applied to the dry clay, pH, EC, and TN, they all met the criteria for a fair model in the VIS spectral region, while clay met the criteria for a fair model in the NIR spectral region. In addition, when SNV preprocessing was applied to the dry clay, clay met the criteria for a good model in the VIS spectral region, while pH, EC, and TN resulted in a fair model. For the B–matrix wavelengths of dry clay, only the pH and TOC properties with SNVs showed an increasing trend in the 1350–1450 nm region, while the other soil property values decreased. In addition, all the soil properties that underwent SG smoothing and SNV preprocessing showed similar wavelength trends in the 1800–1950 nm region.



The results of the analysis of dry and wet soils showed that the regression model for predicting soil properties that underwent SNV preprocessing was statistically better than the regression model that underwent SG smoothing, and that the SNV method was more favorable in PLSR analysis with a single round of preprocessing. Collecting data under various soil conditions and researching more preprocessing techniques are expected to improve the accuracy of the soil property predicting models. Additionally, compared to traditional soil analysis methods, this approach is considered more efficient in terms of time, labor, and cost, and it is expected to enhance the reliability and safety of real-time soil property measurements in the field. However, the research on utilizing DRS for soil property based on each preprocessing is not enough in South Korea. Further research is needed on the performance of various preprocessing, such as SNV, SG, and others, with additional data.
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Figure 1. Location of soil sampling point in Hwaseong-si, Gyeonggi-do, Republic of Korea. All fields were divided into 30 sections. Each number was a soil sampling number. 
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Figure 2. Process for measuring the soil spectra: (a) sampling the soil by using a soil auger, (b) drying the soil samples, and (c) collecting the soil spectrum using an ASD-Field spec PRO4. 
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Figure 3. Examples of preprocessing of wet soil spectrum: (a) original spectrum, (b) absorbance conversion, (c) absorbance using Savitzky–Golay smoothing, and (d) absorbance using the Standard Normal Variate. 
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Figure 4. PLS B–matrix wavelengths of dry soil using (a) SG smoothing and (b) SNV preprocessing. 
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Figure 5. Scatter plots of PLS-estimated vs. PLS-measured values for the pH, EC, TN, and clay content between (a) SG smoothing and (b) SNV preprocessing. 
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Table 1. Mean and standard deviation (SD) of soil properties collected from fields.
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Soil

Sample

Data

	
All Fields

	
Field 1

	
Field 2

	
Field 3

	
Field 4




	
Mean

(n = 120)

	
SD

(n = 120)

	
Mean

(n = 30)

	
SD

(n = 30)

	
Mean

(n = 30)

	
SD

(n = 30)

	
Mean

(n = 30)

	
SD

(n = 30)

	
Mean

(n = 30)

	
SD

(n = 30)






	
pH

	
7.48

	
0.37

	
7.17

	
0.24

	
7.21

	
0.24

	
7.64

	
0.13

	
7.89

	
0.21




	
EC [dS/m]

	
2.57

	
0.78

	
3.78

	
0.44

	
2.29

	
0.29

	
2.09

	
0.33

	
2.13

	
0.29




	
SOM

[g/kg]

	
32.09

	
5.36

	
32.15

	
3.97

	
38.54

	
4.05

	
29.91

	
3.00

	
27.77

	
3.05




	
TN [g/kg]

	
0.13

	
0.02

	
0.16

	
0.02

	
0.13

	
0.002

	
0.13

	
0.01

	
0.11

	
0.01




	
TOC [%]

	
1.86

	
0.31

	
1.86

	
0.23

	
2.24

	
0.23

	
1.74

	
0.17

	
1.61

	
1.78




	
Clay

[%]

	
30.66

	
0.03

	
33.26

	
0.01

	
30.61

	
0.03

	
28.27

	
0.01

	
30.48

	
0.03











 





Table 2. PLSR analysis results using Savitzky–Golay smoothing.
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Soil

Properties

	
Spectral

Band 1

	
No.F 2

	
R2C 3

	
RMSEC 4

	
R2P 5

	
RMSEP 6

	
RPD






	
Dried

Soil

	
pH

	
VIS

	
7

	
0.81

	
0.16

	
0.72

	
0.20

	
1.87




	
NIR

	
7

	
0.69

	
0.20

	
0.51

	
0.26

	
1.43




	
EC

[dS/m]

	
VIS

	
4

	
0.64

	
0.47

	
0.62

	
0.49

	
1.60




	
NIR

	
5

	
0.54

	
0.53

	
0.41

	
0.60

	
1.30




	
SOM

[g/kg]

	
VIS

	
6

	
0.56

	
3.53

	
0.47

	
3.88

	
1.38




	
NIR

	
4

	
0.37

	
4.22

	
0.26

	
4.59

	
1.17




	
TN

[g/kg]

	
VIS

	
6

	
0.64

	
0.01

	
0.51

	
0.02

	
1.43




	
NIR

	
5

	
0.49

	
0.02

	
0.37

	
0.02

	
1.26




	
TOC

[%]

	
VIS

	
6

	
0.56

	
0.20

	
0.49

	
0.22

	
1.39




	
NIR

	
3

	
0.32

	
0.25

	
0.28

	
0.27

	
1.16




	
Clay

[%]

	
VIS

	
7

	
0.77

	
0.01

	
0.64

	
0.02

	
1.67




	
NIR

	
7

	
0.79

	
0.01

	
0.72

	
0.01

	
1.90




	
Wet

Soil

	
pH

	
VIS

	
7 (5) 7

	
0.39 (0.31)

	
0.29 (0.30)

	
0.19 (0.25)

	
0.34 (0.32)

	
1.09 (1.13)




	
NIR

	
7 (4)

	
0.58 (0.43)

	
0.28 (0.28)

	
0.27 (0.38)

	
0.32 (0.29)

	
1.16 (1.26)




	
EC

[dS/m]

	
VIS

	
4 (5)

	
0.25 (0.28)

	
0.68 (0.66)

	
0.19 (0.20)

	
0.71 (0.71)

	
1.09 (1.10)




	
NIR

	
5 (3)

	
0.35 (0.24)

	
0.63 (0.68)

	
0.19 (0.20)

	
0.71 (0.70)

	
1.11 (1.11)




	
SOM

[g/kg]

	
VIS

	
6

	
0.40

	
4.17

	
0.12

	
5.07

	
1.06




	
NIR

	
4 (2)

	
0.32 (0.17)

	
4.40 (4.85)

	
0.09 (0.12)

	
5.10 (5.02)

	
1.05 (1.07)




	
TN

[g/kg]

	
VIS

	
6 (3)

	
0.27 (0.19)

	
0.02 (0.02)

	
0.13 (0.15)

	
0.02 (0.02)

	
1.09 (1.07)




	
NIR

	
5 (5)

	
0.42

	
0.02

	
0.29

	
0.02

	
1.18




	
TOC

[%]

	
VIS

	
6 (3)

	
0.17 (0.10)

	
0.28 (0.29)

	
0.02(0.05)

	
0.31 (0.30)

	
1.01 (1.03)




	
NIR

	
3 (2)

	
0.24 (0.17)

	
0.27 (0.28)

	
0.07(0.13)

	
0.30 (0.29)

	
1.03 (1.07)




	
Clay

[%]

	
VIS

	
7 (6)

	
0.46 (0.43)

	
0.02 (0.02)

	
0.24 (0.25)

	
0.02 (0.02)

	
1.15 (1.15)




	
NIR

	
7 (4)

	
0.56 (0.43)

	
0.02(0.36)

	
0.02(0.23)

	
0.02 (0.02)

	
1.12 (1.23)








1 The spectral band was selected using the best estimation model between VIS at 400–700 nm and NIR at 700–2500 nm. 2 No.F means the number of PLS factors. 3 R2C represents the R2 of the calibration model. 4 RMSEC represents the RMSE of the calibration model. 5 R2P represents the R2 of the prediction model. 6 RMSEP represents the RMSE of the prediction model. 7 Parentheses indicate the number of PLS factors most suitable for the regression model.













 





Table 3. PLSR analysis results using the Standard Normal Variate.
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Soil

Properties

	
Spectral

Band 1

	
No.F 2

	
R2C 3

	
RMSEC 4

	
R2P 5

	
RMSEP 6

	
RPD






	
Dried

Soil

	
pH

	
VIS

	
7

	
0.81

	
0.16

	
0.74

	
0.19

	
1.96




	
NIR

	
4

	
0.60

	
0.21

	
0.49

	
0.26

	
1.40




	
EC

[dS/m]

	
VIS

	
7

	
0.76

	
0.38

	
0.66

	
0.46

	
1.70




	
NIR

	
6

	
0.67

	
0.45

	
0.41

	
0.60

	
1.31




	
SOM

[g/kg]

	
VIS

	
5

	
0.53

	
3.64

	
0.42

	
4.09

	
1.31




	
NIR

	
7

	
0.63

	
3.23

	
0.29

	
4.61

	
1.16




	
TN

[g/kg]

	
VIS

	
6

	
0.69

	
0.01

	
0.55

	
0.02

	
1.44




	
NIR

	
3

	
0.41

	
0.02

	
0.32

	
0.02

	
1.20




	
TOC

[%]

	
VIS

	
5

	
0.53

	
0.21

	
0.44

	
0.24

	
1.32




	
NIR

	
3

	
0.31

	
0.26

	
0.26

	
0.27

	
1.16




	
Clay

[%]

	
VIS

	
6

	
0.84

	
0.01

	
0.80

	
0.01

	
2.21




	
NIR

	
5

	
0.79

	
0.01

	
0.66

	
0.02

	
1.72




	
Wet

Soil

	
pH

	
VIS

	
7 (5) 7

	
0.38 (0.32)

	
0.29 (0.30)

	
0.22 (0.24)

	
0.33 (0.33)

	
1.11 (1.13)




	
NIR

	
4 (3)

	
0.46 (0.44)

	
0.27 (0.27)

	
0.29 (0.31)

	
0.31 (0.31)

	
1.17 (1.19)




	
EC

[dS/m]

	
VIS

	
7 (6)

	
0.35 (0.35)

	
0.63 (0.63)

	
0.23 (0.23)

	
0.69 (0.69)

	
1.13 (1.13)




	
NIR

	
6 (2)

	
0.51 (0.24)

	
0.55 (0.68)

	
0.06 (0.19)

	
0.77 (0.71)

	
1.02 (1.10)




	
SOM

[g/kg]

	
VIS

	
5 (3)

	
0.16 (0.15)

	
4.88 (4.93)

	
0.09 (0.09)

	
5.18 (5.15)

	
1.03 (1.04)




	
NIR

	
7 (2)

	
0.37 (0.21)

	
4.24 (4.75)

	
0.14 (0.17)

	
5.08 (4.97)

	
1.05 (1.08)




	
TN

[g/kg]

	
VIS

	
6 (6)

	
0.30

	
0.02

	
0.23

	
0.02

	
1.14




	
NIR

	
3 (2)

	
0.39 (0.27)

	
0.02 (0.02)

	
0.21 (0.23)

	
0.02 (0.02)

	
1.11 (1.13)




	
TOC

[%]

	
VIS

	
5 (2)

	
0.15 (0.09)

	
0.29 (0.29)

	
0.03 (0.04)

	
0.31 (0.31)

	
1.00 (1.01)




	
NIR

	
3 (3)

	
0.34

	
0.25

	
0.18

	
0.28

	
1.10




	
Clay

[%]

	
VIS

	
6 (5)

	
0.45 (0.40)

	
0.02 (0.02)

	
0.31(0.33)

	
0.02 (0.02)

	
1.19 (1.21)




	
NIR

	
5 (4)

	
0.55 (0.49)

	
0.02 (0.02)

	
0.32 (0.38)

	
0.02 (0.02)

	
1.19 (1.24)








1 The spectral band was selected using the best estimation model between VIS at 400–700 nm and NIR at 700–2500 nm. 2 No.F means the number of PLS factors. 3 R2C represents the R2 of the calibration model. 4 RMSEC represents the RMSE of the calibration model. 5 R2P represents the R2 of the prediction model. 6 RMSEP represents the RMSE of the prediction model. 7 Parentheses indicate the number of PLS factors more suitable for the regression model.
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