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Abstract: The successful estimation of soil organic matter (SOM) and soil total nitrogen (TN) contents
with mid-infrared (MIR) reflectance spectroscopy depends on selecting appropriate variable selection
techniques and multivariate methods for regression analysis. This study aimed to explore the potential
of combining a multivariate method and spectral variable selection for soil SOM and TN estimation
using MIR spectroscopy. Five hundred and ten topsoil samples were collected from Quzhou County,
Hebei Province, China, and their SOM and TN contents and reflectance spectra were measured
using DRIFT-MIR spectroscopy (diffuse reflectance infrared Fourier transform in the mid-infrared
range, MIR, wavenumber: 4000-400 cm~ L wavelength: 2500-25,000 nm). Two multivariate methods
(partial least-squares regression, PLSR; multiple linear regression, MLR) combined with two variable
selection techniques (stability competitive adaptive reweighted sampling, sCARS; bootstrapping soft
shrinkage approach, BOSS) were used for model calibration. The MLR model combined with the
sCARS method yielded the most accurate estimation result for both SOM (Rp2 =0.72 and RPD = 1.89)
and TN (sz = 0.84 and RPD = 2.50). Out of the 2382 wavenumbers in a full spectrum, sCARS
determined that only 31 variables were important for SOM estimation (accounting for 1.30% of all
variables) and 27 variables were important for TN estimation (accounting for 1.13% of all variables).
The results demonstrated that SCARS was a highly efficient approach for extracting information on
wavenumbers and mitigating redundant wavenumbers. In addition, the current study indicated
that MLR, which is simpler than PLSR, when combined with spectral variable selection, can achieve
high-precision prediction of SOM and TN content. As such, DRIFT-MIR spectroscopy coupled with
MLR and sCARS is a good alternative for estimating the SOM and TN of soils.

Keywords: precision agriculture; mid-infrared soil spectroscopy; spectral variable selection; multiple
linear regression

1. Introduction

Monitoring the soil status is in great demand in precision agriculture to adjust practices
such as tillage, fertilization, and irrigation [1]. Soil organic matter (SOM) and total nitrogen
(TN) are essential elements in agricultural soil and play an important role in many biological
and chemical activities for plant growth. Therefore, the assessment of SOM and TN
in the soil is crucial in precision agriculture [2]. A variety of agricultural sensors have
been applied over recent decades to determine soil properties rapidly [3]. Spectroscopy,
in particular, has increased in popularity because it is rapid, timely, cost-effective, non-
destructive, and straightforward [4]. As effective alternatives to traditional chemical
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analysis, visible and near-infrared spectroscopy (Vis-NIR), mid-infrared spectroscopy (MIR),
and combined diffuse reflectance spectroscopy have the potential to predict various soil
properties simultaneously [5-8]. Diffuse reflectance spectroscopy in the Vis-NIR spectral
range has been used widely to characterize SOM [9-14] and TN [13-19]. MIR has been
demonstrated to predict SOM and TN, often with better accuracy than Vis-NIR-derived
models [20-27]. MIR detects the fundamental vibrations of minerals and organic matter,
which have strong absorptions, whereas Vis-NIR spectroscopy detects their overtones and
combinations of overtones, which are much weaker and greatly overlap [28].

With the advance in modern analytical instruments, higher-resolution spectra with
numerous spectral variables have been adopted in multivariable calibration, which brings
more abundant information [19]. However, this method has several disadvantages, such as
high redundancy, large computational cost, and complex model requirements, because it
generally processes a large amount of data [19]. Moreover, since the volume of samples used
for calibration is usually less than the number of variables, it is highly likely to overfit the
model, causing detrimental effects on its prediction performance [29]. To solve this problem,
spectral variable selection techniques are usually used. The variable selection algorithm
has the functions of reducing variable dimensions, simplifying the model and improving
model accuracy [30]. Many studies have shown that more accurate calibration models may
be achieved by selecting the most informative spectral variables instead of using the full
spectrum [19,31-33]. For instance, a combination of the ant colony optimization and mutual
information algorithms was proposed to extract the characteristic wavebands of soil TN
content in the near-infrared spectroscopy (NIR). The results showed that the models based
on the selected wavebands achieved higher precision than models using full spectra [19].
Three variable selection techniques (competitive adaptive reweighted sampling, CARS;
genetic algorithm, GA; successive projections algorithm, SPA) were employed to select
spectral variables for soil TN estimation via Vis-NIR spectroscopy. The results showed
that CARS was superior to GA and SPA techniques in selecting effective variables [33].
Previous studies have demonstrated the effectiveness of spectral variable selection in the
quantitative analysis of NIR and Vis-NIR.

Stability competitive adaptive reweighted sampling (sSCARS) is an effective spectral
variable selection method based on the principle of ‘survival of the fittest’ [34,35]. The
sCARS method enhances the stability of variable selection by using variable stability as a
variable selection indicator and continues the variable selection process of the CARS method
with faster calculation speed. sCARS was proposed to predict the real extract from NIR
spectroscopic measurements to provide fast, quality measurement in beer production [35].

Bootstrapping soft shrinkage (BOSS) [36] is a variable selection algorithm based on the
model population analysis (MPA) framework that considers the combined effect among
variables to a certain extent. Zhang et al. (2020) employed BOSS to select the feature
variable of corn oil in the infrared spectrum. The results showed that BOSS can generate
the optimal model by using fewer variables, which is also very advantageous for the
simplification of a model [37].

However, there are few studies on the application of spectral variable selection in MIR
spectroscopy [23,38]. Furthermore, different variable selection techniques differ in terms
of accuracy and parsimony; that is, the number of selected spectral variables and/or the
number of factors extracted from the spectra varies from case to case. Moreover, only a few
studies have focused on the application of sSCARS or BOSS in soil property estimations.
Significantly, the BOSS procedure has, as yet, not been applied to SOM and TN.

In order to model the complex relationship between spectral signatures and a soil
property, multivariate regression methods have an advantage over simple bivariate rela-
tionships based on, for example, peak intensity measurements [7]. The commonly applied
multivariate calibration tools are partial least-squares regression (PLSR) [24,39], multiple
linear regression (MLR) [40,41], and support vector machine regression (SVMR) [42]. There-
fore, combining the multivariate method with spectral variable selection is expected to
generate a better estimation model of SOM and TN based on MIR spectroscopy.
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Thus, the objectives of our study were: (i) to study the benefits of spectral variable
selection (with BOSS and sCARS) for calibration accuracy and model parsimony of SOM
and TN estimation using MIR spectroscopy; (ii) to identify the information content of the
statistically selected spectral variables by relating them—if possible—to fundamental bands
of relevant molecules or functional groups; and (iii) to investigate whether the simpler
MLR combined with the variable selection algorithm can achieve similar or better results
than the PLSR model.

2. Materials and Methods
2.1. Study Area and Soil Sampling

The 1 kmx1 km grid survey was used to collect soil samples in Quzhou County,
Hebei Province, China, which covers about 667 km?. The average annual temperature and
precipitation in the study region are approximately 13.1 °C and 556 mm, respectively. The
soil type is mainly Fluvo-aquic soil. Five hundred and ten topsoil (0-20 cm) samples were
obtained using a soil auger. The detailed position information of the sampling sites was
designed and recorded using a hand-held GNSS device (Figure 1).

Figure 1. Distribution of sampling points in Quzhou County.

2.2. Spectral Measurement and SOM and TN Content Analysis

The obtained soil samples were air-dried at room temperature and crushed before
being passed through a 2 mm mesh sieve to remove any plant roots and debris prior to
analysis. Each soil sample was divided into two portions: one for spectral measurement
and the other for SOM and soil TN content analysis. The soil samples to be used for MIR
analysis were finely ground, passed through a 0.15 mm (100-mesh) sieve [43,44], dried in
oven at 105 °C for 2 h, and then stored in a desiccator (Nalgene, Thermo Fisher, Waltham,
MA, USA) until they were ready to be scanned. SOM was chemically determined using
a potassium dichromate oxidation colorimetry [45], with values ranging from 3.20 g/kg
to 32.70 g/kg (Table 1). Soil TN content was determined by the semi-micro automated
Kjeldahl method [46], with values ranging from 0.21 g/kg to 2.42 g/kg (Table 1).
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Absorbance (log 1/R)

Table 1. SOM and TN statistical characteristics of soil samples in Quzhou County.

Soil Property Mean Median SD Minimum Maximum
SOM (g/kg) 13.80 13.90 0.36 3.20 32.70
TN (g/kg) 0.96 0.96 0.26 0.21 2.43

Note: SD: standard deviation.

Soil MIR diffuse reflectance spectra were collected using a Fourier transform infrared
spectrometer (FI-IR) Tensor II with an HTS-XT high-throughput diffuse reflectance acces-
sory (Bruker Optics, Karlsruhe, Germany). The spectrometer was equipped with a mercury
cadmium telluride detector cooled by liquid nitrogen. The measured wavebands ranged
from 4000 to 600 cm~! with a resolution of 4 cm~!. Soil samples were loaded into 24-well
spot aluminum microtiter plates. Prior to each scan, the sensor was calibrated using the
background spectrum of the reference plate. Gold background measurements of the first
well were taken before each single measurement to account for changes in temperature and
air humidity. Soil samples were loaded into two replicate wells, each scanned 32 times, and
the two spectra were averaged to account for within-sample variability and differences in
packing density and particle size.

2.3. Spectral Pre-Processing

Original soil MIR spectra and spectra after pre-processing are shown in Figure 2.
Spectral pre-processing with multiplicative scatter correction (MSC) [47] was carried out
for SOM, and spectra pre-processed by MSC are shown in Figure 2b. For TN, spectral
pre-processing was completed using a standard normalized variate (SNV) [48], and pre-
processed spectra by SNV are shown in Figure 2c.
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Figure 2. Original soil MIR spectra and spectra after pre-processing. Note: (a) original spectra;
(b) multivariate scattering (MSC); (c) standard normal variables (SNV). R: the percentage of diffuse
spectral reflectance.

2.4. Variable Selection Methods
2.4.1. Stability Competitive Adaptive Reweighting Algorithm (sCARS)

sCARS mainly relies on the stability of the selected variables, so it also improves the
stability of variable selection while continuing CARS's operation of screening variables [35].

The steps involved in the sCARS algorithm operation is as follows [34]:

Step 1: Compute the stability of each wavenumber variable.

Step 2: On the basis of the exponentially decreasing function (EDF) and adaptive
reweighted sampling (ARS) method, a subset of variables with strong stability is selected.

Step 3: Repeat the first step and the second step, and finally obtain K subsets of
variables, and use the selected subsets of variables to establish a PLSR model, in which the
subset of variables with the lowest root-mean-squared error of cross-validation (RMSECV)
is the best characteristic variable.
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The algorithm procedure can be illustrated in a flow chart of Figure 3 [34].

Input soil spectral data X and soil attribute (SOM/TN) content chemical value.

|

K=1

Sampling variables of data by MCS sampling mecthod (sampling runs /V times)

No

K<=N

A 4

Yes
v

For K the subset of variables, compute the stability of each variable.

A4

Select the variables by enforced variable selection and ARS.

A 4

Set the selected variables as the (K+1) subsct.

K=K+1

Compute the RMSLECY of each variable. <

A 4

Choose the variables subset of minimal RMSECY as the optimal subset.

Figure 3. The flow chart of the sCARS method.

The following parameters were used in the research: Monte Carlo sampling (MCS)
number M = 500, MCS sampling ratio r = 0.7, and calculation loops number N = 100. The
processes of the sCARS algorithm were conducted using MATLAB R2020b.

2.4.2. Bootstrapping Soft Shrinkage (BOSS)

BOSS uses a strategy called a soft-shrinking strategy in variable selection. The soft-
shrinking strategy assigns smaller weights to the less informative variables, while the
hard-shrinking strategy directly eliminates the less informative variables [30]. Thus, these
variables still have the chance to participate in the models. The advantage of the soft-
shrinking strategy is that it can reduce the risk of eliminating important variables in the
optimization process and can choose a combination of variables with better prediction
ability [36].

The main process of the BOSS algorithm operation is as follows [36]:

Suppose there is a matrix Xy« p which contains N samples and P variables. The
prediction attribute vector is ynx 1.

Step 1: Apply bootstrap sampling (BSS) in variable space to generate K subsets. In this
process, each variable has the same probability to be selected into subsets.
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Step 2: K PLSR sub-models are established by using the obtained subsets. Additionally,
the RMSECYV of the sub-model is calculated, and the lowest RMSECYV is the best model.

Step 3: Calculate the regression coefficient (RC) of the extracted model. The absolute
values of the elements in each regression vector are normalized, and the normalized
regression vectors are summed to obtain the new weights of variables.

Step 4: Weighted bootstrap sampling (WBS) is used to generate new subsets of vari-
ables and extract unique variables to establish sub-models. Repeat Step 2 to Step 4 until
the number of variables in the new subset is 1, and the subset with the lowest RMSECYV is
taken as the optimal variable set during calculation.

The algorithm procedure can be illustrated in a flow chart of Figure 4.

Input soil spectral data X and soil attribute (SOM/I'N) content chemical value

Bootstrap sampling (BBS) is carried out on the variable space of

spectral data to generate K subsets.

v

K PLSR sub-models are built using the subsets obtained.

Calculate the prediction error (RMSECY) of the sub-models and
extract best models with the lowest RMSECV.

v

Calculate the regression coefficient (RC) of each extracted model, get

the regression vectors and sum them to generate new variable weights.

v

Weighted bootstrap sampling (WBS) of the remaining variables

based on the new weight to generate a new subset.

v

Repetitive variables are eliminated and sub-models are constructed, and

variables with larger absolute values of RC are given larger weights.

v

Judging whether to run iteratively for /V times.

No

Yes v

In the iterative process, the subset with the smallest RMSECY

is taken as the optimal variable sct.

Figure 4. The flow chart of the BOSS method.

The following parameters were used in the research: the maximal number of latent
variables for cross-validation = 5; fold = 5; pretreatment method = center; the number of
bootstraps = 1000; speed = 0 [30,36]. The whole process of the BOSS method was conducted
in MATLAB R2020b with the BOSS toolbox, available at: http:/ /www.mathworks.com/
matlabcentral/fileexchange /52770-boss (accessed on 16 September 2021).

2.5. Model Calibration

The whole dataset was divided into a calibration dataset (1 = 357) and a validation
dataset (n = 135) using the Kennard—Stone algorithm [49]. Two multivariate methods (PLSR
and MLR) were used for model calibration.


http://www.mathworks.com/matlabcentral/fileexchange/52770-boss
http://www.mathworks.com/matlabcentral/fileexchange/52770-boss

Agronomy 2022, 12, 638

7 of 16

PLSR is similar to principal component regression, as both employ statistical rotations
to overcome the problems of high dimensionality and multicollinearity [23]. This method
selected continuous orthogonal factors to maximize the covariance between prediction
variables and response variables [33]. Additional details of PLSR have been described by
Viscarra Rossel and Behrens (2010) [40].

MLR analysis is also the most basic and simplest in multivariate regression analysis,
and the mathematical formula expressing this quantitative relationship is called the multi-
variate linear regression model. Under the condition of studying linear correlation, linear
regression can be divided into two types: one is an independent variable and a dependent
variable, and the relationship between them can be approximated using a straight line.
This regression analysis is called unary linear regression. The other is the multiple linear
regression analysis in the case of two or more independent variables versus one dependent
variable [50]. In fact, when studying problems, a phenomenon is often associated with
multiple factors. It is more effective and more realistic to predict or estimate the dependent
variable using the optimal combination of multiple independent variables. Therefore,
multivariate linear regression is more effective than univariate linear regression. In the
process of applying a regression model, only the same model and data can be used, and
the unique result can be calculated using a standard statistical method, which ensures
the accuracy and stability of the result. MLR is a modeling technique commonly used in
spectral prediction that usually gives relatively good prediction accuracy [40,41].

2.6. Model Evaluation

To assess the goodness of fit of the predictive models and their performance against
independent validation sets, we used the coefficient determination of prediction (Rp2)
(Equation (1)), the root-mean-square error of prediction (RMSEp) (Equation (2)), and the
residual prediction deviation of prediction (RPD) (Equation (3)). R2 represents the degree
to which the dependent variable is fully interpreted. The RMSE measures the accuracy of
predictions, being an easily interpreted statistic because it has the same data units. The
RPD is the ratio of the standard deviation of the measured values to the RMSEp, and it was
used to define the quality of the derived models [51]. These evaluation parameters could
be specifically defined by the following formulae:

L \2
Rp2—1— ie1 (i — 9i) )
P~ = . -
i (vi— ;)
1& )
RMSEp = - Y (vi—0) ()
i=1
SD
RPD = RMSEP ®)

where y; and §; refer to the measured value and the corresponding estimated value, respec-
tively, v/, is the average of the estimated values, n denotes the number of samples, and SD is
the standard deviation of the measured values.

In soil science, the RPD was used as a classifier of prediction results in the common
scheme defined by Chang et al. (2001). When RPD > 2.0, the estimation model was more
reliable. Values of RPD between 1.4 and 2.0 suggest that the predictive power could be
improved, and RPD < 1.4 indicates that the model failed to predict the soil properties (i.e., it
had no prediction capability) [52].

3. Results
3.1. Estimation Accuracies and Model Parsimony
The performances of different variable selection models are illustrated in Table 2.

All estimation models of SOM have a similar prediction accuracy with 0.65 < sz <0.75
and 1.4 < RPD < 2.0 (satisfactory predictions), while sz and RPD values in all estimation
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models of TN are greater than 0.75 or 2.0 (good predictions). The sz and RPD of SOM
estimation models based on the BOSS and sCARS variables selection methods were equal
to or higher than that of the full MIR spectrum model. BOSS selected 14 variables (out of
2382 spectral variables), whereas sCARS selected 31 variables (Table 2).

Table 2. Modeling results of SOM and TN screened with different variables selection methods.

Soil Variable Time Validation Set
Property Model Number (min) Rp? RPD RMSEp (g/k
P P r (g/kg)

None-PLSR 2382 2 0.68 1.77 0.17
BOSS-PLSR 14 200 0.68 1.77 0.17

SOM BOSS-MLR 14 3 0.69 1.78 0.16
sCARS-PLSR 31 20 0.69 1.79 0.17
sCARS-MLR 31 3 0.72 1.89 0.10
None-PLSR 2382 2 0.81 2.29 0.084
BOSS-PLSR 44 240 0.84 2.48 0.078

TN BOSS-MLR 44 3 0.78 2.12 0.091
sCARS-PLSR 27 20 0.84 2.50 0.076
sCARS-MLR 27 3 0.84 2.50 0.077

For TN, the PLSR models developed with selected wavenumbers gave better estima-
tions compared to the models developed with the full spectrum. BOSS selected 44 variables
(accounting for 1.85% of all variables), while sCARS selected 27 variables (accounting for
1.13% of all variables) to be input in the model calibration. The results illustrated that BOSS
and sCARS were highly efficient approaches for extracting informative wavenumbers
and mitigating redundant wavenumbers. The MLR model combined with the sCARS
method yielded the most accurate estimation result for SOM (RP2 =0.72 and RPD = 1.89).
For TN, the best performing result was obtained by the SCARS-MLR model (Rp? = 0.84
and RPD = 2.50) and sCARS-PLSR model (sz =0.84 and RPD = 2.50), followed by the
BOSS-PLSR model (Rp? = 0.84 and RPD = 2.48) and BOSS-MLR model (Rp? = 0.78 and
RPD =2.12).

The BOSS algorithm, due to its instability, needs to run 50 times, which usually takes
several hours. On the contrary, the sSCARS algorithm runs only once since it is stable, taking
usually less than an hour. Hence, due to the long computation time of BOSS, one alternative
was to use the SCARS method, which is in agreement with another study [35].

3.2. Key Wavenumbers

In the BOSS algorithm, sub-models are generated according to the weights of variables.
The weights of variables are obtained based on the RC of sub-models. Each sub-model
corresponds to a random combination of variables, in which the variables with larger
weights have larger probabilities to participate. Five-fold cross-validation is applied to
explore its predictability. The evolution of RMSECV (g/kg) in sub-models in each iteration
of the BOSS algorithm is displayed in Figure 5. For SOM, the RMSECV reached the
minimum value (0.18 g/kg) when the number of sampling runs was equal to 24 (Figure 5a).
Fourteen spectral wavenumber variables were selected out of 2382 spectral variables
for SOM, which was 0.58% of the number of the full spectrum. For TN, the RMSECV
reached the minimum value (0.12 g/kg) when the number of sampling runs was equal to
19 (Figure 5b). Forty-four spectral wavenumber variables were selected out of 2382 spectral
variables for TN, which is 1.85% of the number of the full spectrum. The final selected
spectral variables for SOM and TN are illustrated in Figure 6a in the red region and
Figure 6b in the blue region, respectively.
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Figure 5. The evolution of RMSECYV (g/kg) in sub-models in each iteration of the BOSS algorithm.
Note: (a) SOM-BOSS; (b) TN-BOSS; Red solid circle: point of the minima of the iterations.
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Figure 6. Characteristic variable screening chart. Note: (a) SOM-BOSS; (b) TN-BOSS; (c) SOM-sCARS;
(d) TN-sCARS. R: the percentage of diffuse spectral reflectance.

Figure 7 shows the variable selection process using sSCARS method. The number of
sampling variables of SOM and TN decreased with the increasing number of sampling runs
(Figure 7a,b). Figure 7c,d presents the changing trend of 10-fold RMSECV values with the
increasing number of sampling runs. The RMSECV reached the minimum value (0.19 g/kg
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for SOM and 0.11 g/kg for TN) when the number of sampling runs was equal to 80 and 48
for SOM and TN, respectively. Figure 7e,f illustrates the variation trend of the regression
coefficient path for different sampling runs. The optimal subset corresponded to the lowest
RMSECYV, marked by a vertical line with asterisks. Accordingly, 31 and 27 spectral variables
of SOM and TN were selected by sCARS in MIR spectrum, which accounted for 1.30% and
1.13% of the full spectrum (Figure 6¢,d).
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Figure 7. Variable selection of soil MIR spectra for SOM and TN prediction based on sCARS method.
Note: (a,b) number of selected variables; (c,d) values of ten—fold cross-validation; (e,f) regression
coefficient path of each variable. Vertical line with asterisks: where the optimal subset corresponded
to the lowest RMSECV.
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The final effective wavenumber variables selected by BOSS and sCARS for estimating
SOM and TN content are shown in Figure 6 and Table 3. Keys were found in the X—H
stretching (C-H, N-H, and O-H groups containing hydrogen) region from 4000 to 2500 cm ™!,
in the triple- and double-bond regions from 2500 to 1500 cm ™!, and in the fingerprint
MIR region from 1500 to 600 cm~!. Then, 2894-2890 cm ™!, 1760-1755 cm ™!, 1563 cm ™!,
1555 cm !, and 1554 cm~! were determined individually to be the sensitive wavenumbers
of SOM content (Figure 6a,c), and 3733 cm~1, 3728 cm~1, 3707 em~1, 3560 cm 1, 3127 em !,
2825-2818 cm !, 1704-1700 cm ™!, 1675 cm ™!, 1673 cm ™!, 1671 cm ™!, and 817 cm ™! were
determined individually to be the sensitive wavenumbers of soil TN content (Figure 6b,d).

Table 3. Key wavenumbers (MIR) identified from the BOSS and sCARS runs.

Soil Variable Variable Characteristic Variable
Property Selection Method Number (cm™1)
2930,2928, 2894, 2893, 2891, 2890, 1760-1755,
BOSS 14 1563, 1555, 1554, 1427
SOM 3168, 3156, 28942888, 2045-2043, 1761-1755,
sCARS 31 1561, 1560, 1555-1551, 1422, 1421, 1247, 938,

867-864, 754, 745, 617

3736, 3733, 3728, 3707, 3560, 3130-3126,
BOSS 44 2827-2818, 2810, 2808, 1707, 1705-1700, 1698,
1678-1665, 1641-1638, 817, 754, 617, 605, 604

3733, 3728, 3727, 3707, 3661, 3560, 3558, 3484,
sCARS 27 3483, 3127, 2825-2818, 2518, 1704-1700,
1675-1671, 867, 817

N

4. Discussion

Important SOM features are located at 1740-1698 cm ! (C=O groups in carboxylic
acids, aldehydes, and ketones), 1640-1600 cm~! (amide I band (C-O, C-N) of proteins,
C=0 of carboxylic acids and ketones), and 1575-1400 cm~! (amide I band, N-H) [23]. The
intensity of the region 1740-1698 cm ™! can be used as a measure of hydrophilic organic
components [53] and was identified as a key region for soil TN [38]. Key wavenumbers
of TN in MIR identified from the CARS-PLSR runs were 1676-1672 cm 1, 1260 cm !, and
1036 cm~! [23]. The report is consistent with the characteristic variables selected in the
present study.

BOSS is a strategy that combines MPA and WBS. The absolute value of RC is the
criteria of variables. The advantage of MPA is that it considers the combined effect between
variables. WBS reduces the effect of collinearity [36]. BOSS focuses more on using the
information in the model RC. Yan et al. (2019) reported that BOSS selected fewer variables,
gave lower a RMSEP value, and better predicted the starch content of corn using NIR spectra
compared to other methods, including Monte Carlo uninformative variables elimination
(MCUVE), GA, and CARS [35]. Moreover, Lao et al. (2021) reported that BOSS-ELM
(Extreme Learning Machine) models outperformed MCUVE-ELM models in estimating the
contents of soil salt and soluble ions using Vis-NIR spectroscopy [30].

The sCARS method enhances the stability of variable selection by using variable
stability as a variable selection indicator and continues the variable selection process of the
CARS method with fast calculation speed. When Yan et al. (2019) employed sCARS and
MCUVE to predict the real extract concentration of beer in NIR spectroscopy, the authors
reported that both methods had comparative performance; however, MCUVE retained
fifteen times more variables than sCARS did [35]. The sCARS method was also employed
to extract the characteristic bands of SOM via Vis-NIR spectroscopy, and 51 variables were
selected (out of 2000 spectral variables). Compared to modeling based on the full bands,
the combination of variable selection and regression methods could effectively improve the
modeling efficiency while ensuring the accuracy of the model [54].
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The variable selection algorithm combines the prediction model, and the scatter dia-
grams of PLSR and MLR, respectively, are displayed in Figures 8 and 9. The solid black
line in each plot represents the 1:1 line. As shown in the figures, the measured value and
predicted value of SOM and TN content in the MLR models were generally closer to the
1:1 line compared to the PLSR models. MLR is used to substitute independent variables
into the regression equation in turn, and eliminate irrelevant or insignificant independent
variables according to the score and the contribution rate of independent variables to
dependent variables so as to obtain an accurate and stable prediction model [55]. Jia et al.
(2014) used MCUVE and SPA combined with PLSR and MLR for the prediction of soil
nitrogen and organic carbon using NIR diffuse reflectance spectroscopy [56]. They reported
that although the application of the SPA-MLR method did not lead to satisfactory predic-
tions, the variable number was much reduced and the calibration models were simplified,
which made it possible to use a cheap and simple spectrometer for the measurement of
soil nitrogen.
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Figure 8. Scatter plots of the measured versus predicted SOM contents using different models with
various modelling strategies: (a) BOSS-PLSR; (b) BOSS-MLR; (c) sCARS-PLSR; (d) sCARS-MLR.
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Figure 9. Scatter plots of the measured versus predicted TN contents using different models with
various modelling strategies: (a) BOSS-PLSR; (b) BOSS-MLR; (c) sCARS-PLSR; (d) sCARS-MLR.

5. Conclusions

In this study, two variable selection techniques (i.e., sSCARS and BOSS) were employed
to circumvent the problem of multicollinearity in MLR to improve the estimation accuracy
of SOM and TN models developed with DRIFT-MIR spectra. The results showed that
by using a few selected wavenumbers, BOSS and sCARS can give even better predictive
performance in much less computation time when compared with the full spectrum model.
The MLR model combined with the SCARS method yielded the most accurate estimation
result for SOM and TN. The results of the present study indicated that MLR with sCARS
could decrease the computation complexity and simplify the model, and consequently
improve the prediction ability. Thus, using DRIFI-MIR spectroscopy together with MLR
and sCARS is a good alternative for estimating the SOM and TN of soils.
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Abbreviations

ARS Adaptive reweighted sampling

BOSS Bootstrapping soft shrinkage

BSS Bootstrap sampling

CARS Competitive adaptive reweighted sampling
EDF Exponentially decreasing function

ELM Extreme learning machine

FT-IR Fourier transform infrared spectrometer
GA Genetic algorithm

LV Latent variables

MCS Monte Carlo sampling

MCUVE  Monte Carlo uninformative variables elimination
MIR Mid-infrared spectroscopy

MIR Cation exchange capacity

MLR Multiple linear regression

MPA Model population analysis

MSC Multiplicative scatter correction

NIR Near-infrared spectroscopy

PLSR Partial least-squares regression

Rp? Coefficient determination of prediction

RC Regression coefficients

RMSE Root-mean-square error

RMSECV  Root-mean-square error of cross-validation
RMSEp Root-mean-square error of prediction

RPD Residual prediction deviation

sCARS Stability competitive adaptive reweighted sampling
SNV Standard normalized variate

SOM Soil organic matter

SPA Successive projections algorithm

N Total nitrogen

Vis-NIR  Visible and near-infrared spectroscopy
WBS Weighted bootstrap sampling
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