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RESEARCH ARTICLE

Spectral assessment of soil properties in semi-arid tropical
regions of southern Karnataka Plateau
M. Lalithaa, S. Dharumarajana, C. Gomezb,c, Rajendra Hegdea, Arti Koyala,

5Shivanand Khandala, BN. Shashikumara and S. Parvathya

aICAR-National Bureau of Soil Survey and Land Use Planning, Regional Centre, Bangalore, IndiaQ1 ; bIndo-French Cell
for Water Sciences, IRD, Indian Institute of Science, Bangalore, India; cIRD, INRAE, Institut Agro, LISAH, Univ.
Montpellier, Montpellier, India

ABSTRACT
10The present study assessed the visible and short wave infrared (VNIR-

SWIR) laboratory spectroscopy coupled random forest regression (RF)
technique for predicting soil properties in the southern Karnataka
Plateau, India. The spectral data acquired for about 228 profile samples
were used to predict key soil properties. The RF model fits well for the

15spectral prediction of clay (R2 = 0.65), sand (R2 = 0.60), cation exchange
capacity (R2 = 0.74), field capacity (R2 = 0.65) and permanent wilting point
(R2 = 0.72). Wherein soil organic carbon was poorly predicted with an R2 of
0.22 and RPD of 1.2 due to its lower content and narrow range (0.8 to
20 g kg−1). The spectral assessment by PCA showed that the first (50%)

20and third (34%) components had high spectral variation and significantly
correlated with soil properties such as pH, CEC, clay, FC, and PWP related
to wavelengths indicating clay minerals and iron oxides. However,
the second component had less spectral variation (13%) that is related
to wavelengths indicating various organic components and correlated

25well with SOC. Thus, the VNIR-SWIR spectroscopy could be a suitable
supplementary method for rapidly predicting soil properties related to
clay minerals and iron oxides.
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Introduction

Soil is a natural resource that delivers ecosystem services to humans through the realization of
30a series of soil processes (Dominati et al. 2010). Soil exhibits a large pedodiversity at all scales

(Tennesen 2014) and recognized as a critical resource for most global environmental sustainability
challenges (McBratney et al. 2014). The pedodiversity supports various biogeochemical processes
that result in a particular soil type, which can show considerable variations in its performance
(Bouma et al. 2011). Therefore, assessing soil functional properties in real-time and scale requires

35advanced techniques to quantify the soil properties more rapidly for making management decisions
(Hewitt et al. 2015). For example, the geo-referenced soil information system (SIS) requires imple-
menting a series of complex, expensive, and time-consuming soil analyses (Gomez and Coulouma
2018). Soil reflectance spectroscopy is a fast and inexpensive analytical method that predicts soil
properties by relating it with spectral data in the VNIR-SWIR (400–2500 nm) spectral regions. These

40spectral regions are widely used in soil assessments because of high absorption features due to
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stretching and bending of covalent bonds leading to direct absorption or overtones of absorption
features (Demattê and da Silva Terra 2014).

The distinctive spectral signature of each soil property and its correlation with spectra is the
principle behind its prediction (first-order predictions) (Terra et al. 2015; Naimi et al. 2022). The

45efficiency of VNIR-MIR spectra to predict numerous physical, chemical, and biological properties of
soils using multivariate regression models has been well demonstrated (Rossel et al. 2006b; Cécillon
et al. 2009; Asgari et al. 2020a). For example, the physical properties such as clay, sand, Field Capacity
(FC), and Permanent Wilting Point (PWP) (Mouazen et al. 2005; Lagacherie et al. 2008; Gomez and
Coulouma 2018); chemical properties such as pH, Cation Exchange Capacity (CEC) (Pirie et al. 2005;

50Stenberg et al. 2010), carbonates (Asgari et al. 2020b); biological parameters such as biomass C and
N (Reeves et al. 2006; Chodak et al. 2007), and nutrient properties such as Soil Organic Carbon (SOC),
P, N, K, Ca, Na, Mg, and Fe (Udelhoven et al. 2003; Mouazen et al. 2007; Gomez et al. 2008; Rodionov
et al. 2015) were well predicted by researchers across the globe with a range of prediction accuracy.
The mineralogical compositions such as kaolinite, gibbsite, hematite, goethite, illite, and oxides and

55hydroxides of Fe and Al, etc., were predicted by Clark et al. (1990), Brown et al. (2006), and Rossel
et al. (2006b).

The soil properties will be linked with soil spectral data through various models such as PLSR
(Partial Least Square Regression) (Cozzolino andMoron 2003), PCR (Principal Component Regression)
(Islam et al. 2003), SMLR (Stepwise Multiple Linear Regression) (Bartholomeus et al. 2012). The

60random forest model is the machine-learning algorithm accounting for the statistical approximation
of both linear and non-linear relationships of co-variants (Breiman 2001; Zeraatpisheh et al. 2017).
The QRF (quantile regression forest) model is a new random forest model that has the advantage of
building the prediction interval (PI) by analyzing the distribution of observed response variables at
each tree leaf (Meinshausen 2006). The models for a particular prediction have been selected based

65on the data kind, the relationship between spectral data and dependent variables, and the data
transformation method. Accordingly, each model performs differently for a given region.

Ben-Dor et al. (2002) highlighted that spectral prediction is significantly related to 1) co-variations
between spectral data and soil variable (first-order prediction), 2) co-variation between soil variables
(©first-order predictors X other soil properties), and 3) variation (range) within each observed soil

70variable. However, the variation between soil property and co-variation within each soil property
depends on pedological processes influenced by biophysical and environmental variables, which will
vary according to the influence of dominant soil forming factors in tropical, subtropical, and
temperate regions. Gomez and Coulouma (2018) emphasized that a prediction model built at
a regional scale performed poorly when it was validated at the local scale and the need for model

75development at the local scale for better prediction. The development of regional-specific soil
spectral libraries is, therefore, a priority for soil research worldwide (Brown et al. 2006)

Several successful VNIR spectral models have been developed to predict soil properties of
agronomic importance in India (Dwivedi et al. 1981; Singh et al. 2014). For example, the soil
properties linked to nutrient management in precision farming (Vibhute et al. 2018); assessment of

80soil salinity properties (Srivastava et al. 2017); assessment of functional soil properties (Saxena et al.
2003; Srivastava et al. 2004; Kadupitiya et al. 2010; Solanke et al. 2021); hydraulic property prediction
(Santra et al. 2009); soil moisture assessment (Gulfo et al. 2012); aggregate size segregation
(Sarathjith et al. 2014); soil microbiological properties (Mondal et al. 2017) have been assessed
spectroscopically using different models.

85The predictive ability of soil VNIR-MIR spectroscopy for estimation of multiple soil properties at
the national to the regional scale largely depends on the quality of the calibration set, which must be
representative of the physiographic landforms, diversity of soils, and land use type (Cécillon et al.
2009; Pinheiro et al. 2017). Since the calibration data set’s quality differs based on pedodiversity, local
calibrations for each agro-ecoregions are obligatory. These highlights the requirement for more

90prominent spectral libraries representative of India’s pedodiversity to predict the properties of Indian
soils at the national and regional levels (Das et al. 2015). In this context, the present study was aimed
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with the objective 1) to assess the VNIR-SWIR spectra for the prediction of selected soil properties
using the RF model and 2) to interpret the prediction variation of soil properties of the southern
Karnataka plateau.

95Materials and methods

Study area

Southern Karnataka plateau, also known as the Mysore Plateau, is an undulating terrain characterized
by hills, hill ranges, rolling lands, interfluves, and valleys with an elevation ranging from 600 to 900 m
above mean sea level (AMSL). The isolated residual hills in the ranges reach the height of©1500–

1001750 m AMSL. The isolated hills are steeply sloping, dominated by boulders and rocks with little soil
cover. The major soils were shallow to very deep, somewhat excessively to well-drained, red gravelly
loam to gravelly clay, and red clay soils (red ferruginous soils). They were classified as Ustropepts,
Kandiustalfs, Paleustalfs, Rhodustalfs, and Haplustalfs (in ustic areas) (Shivaprasad et al. 1998).
Granite gneiss, schist, and quartzite are the primary geological substrates. The region receives

105a mean annual rainfall of©450–925 mm. The study region was divided into four agro-climatic zones
based on the length of growing period (LGP), such as 150 to 180, 120 to 150, 90 to 120, and©<90 days.
Rainfed farming is generally practiced. The principal crops grown are finger millet, maize, groundnut,
sorghum, and pulses. The detailed flowchart depicting the steps involved in soil properties predic-
tion is given in Figure 1.

110Soil database

The soil profile samples collected under the SUJALA III project (Hegde et al. 2018) were utilized for
the present study. The soil profiles were dug either to 2 m or up to the parent material, whichever is
earlier in the identified location, based on landform, slope, and land use. Soil layers of different
depths were identified based on morphological characteristics of the profile (colour, texture, struc-

115ture, etc.), and soil samples were collected from each horizon of the representative soil profiles (Soil
Survey Staff 2010). The soil depth varied from very shallow (©<25 cm) to very deep (©>150 cm). A total
of 228 geo-referenced horizon-wise samples were collected from 46 profiles for laboratory analysis.
The samples were adequately labelled, air-dried, pounded, and sieved through a 2-mm sieve. The
2-mm sieved samples were used to analyze soil pH and electrical conductivity (EC) in a 1:2.5 soil

120water ratio (Jackson et al. 1973). The soil organic carbon was analyzed in 0.2-mm sieved samples as
per Walkley and Black’s (1934) method. Soil particle-size analysis was carried out by the international
pipette method (Piper 1966). Soil cation exchange capacity (CEC) was estimated by the 1 N ammo-
nium acetate (pH-7) method (Schollenberger and Simon 1945). Water retention characteristics of the
soil at −33 kPa [field capacity (FC)] and −1500 kPa [permanent wilting point (PWP)] were determined

125gravimetrically using pressure plate apparatus (Richard 1954).

Acquisition of VNIR-SWIR soil spectra

The soil spectra were acquired©from 350 to 2500 nm reflective domain in 2-mm sieved samples using
the ASD (Analytical Spectral Devices Inc., USA) Spectroradiometer. The soil samples were thoroughly
mixed and placed in a petri dish with 15 cm diameter and 2 cm height that was focused by four

130halogen light sources (40 W). The samples were uniformly levelled in the dish to avoid heap causing
measurement error. Before sample measurement, it was calibrated with the white reflectance plate.
The sensor captured the reflectance, and each measurement was the mean of 30 internal scan
replications made by the instrument. Each sample was measured thrice, and middle spectra were
used for the property prediction. White reference was acquired before and after for each sample set

135of five. The spectral resolution was 3 nm for 350 to 1000 nm spectral ranges and 10 nm for 1000 to
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Figure 1. Flowchart depicting soil property prediction from VNIR-SWIR spectral data.
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2500 nm spectral range. A total of 2151 spectral bands acquired by ASD software were used to
predict soil properties (www.asdi.com).

Prediction model and evaluation

The Random Forest (RF) model was used to predict the soil properties from spectral data (Breiman
1402001). The RF algorithms need minimal data pre-processing, and the data can be used without

transformation (Kuhn and Johnson 2013), and it handles both linear and non-linear relationships of
the data. Moreover, the RF model works based on two levels of randomization at each tree in the
forest (Breiman 2001). RandomForest 4.6 package in R was used for prediction. The ntree of 1000 and
mtry of 7 were used in the model. The ratio of 80:20 was adopted for training and testing. The model

145performance was evaluated using R2, RMSE, CCC, and RPD of testing datasets with 100 iterations.

Root Mean Square Error RMSEð Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1
ŷi�yið Þ2
N

q

Bias ¼
XN

i¼1

yi
N

�
XN

i¼1

ŷi
N

Concordance Correlation Coefficient CCCð Þ¼ 2ρσyiσŷi

σ2yi þ σ2ŷi
þ μyi � μŷi

� �2

Ratio of performance to deviation RPDð Þ¼ SD
RMSE

where N is the number of samples, yi is the measured property value of ith soil sample, ŷi is the
predicted property value of ith soil sample, and ȳ is the mean of the observed value. μyi and μŷi are

150the means of observed and predicted values and σyi, σŷi are the corresponding variance and ρ is the
Pearson correlation coefficient. SD is the standard deviation of observed values. As per Terra et al.
(2015), the R2 value was interpreted as 1) the model well fitted to predict the property accurately
(R2 > 0.75); 2) fairly predicted (R2:0.50–0.75); 3) unreliable (R2 < 0.50) model. The threshold value used
for interpretations of RPD were RPD > 2.5 for excellent predictions; 2.5 > RPD > 2.0 for very good

155predictions; 2.0 > RPD > 1.8 for good predictions (Rossel et al. 2006a).

Results and discussions

Statistics of soil properties

The soil reaction varied from strongly acidic to strongly alkaline (pH: 4.5 to 9.1), and soils were non-
saline (mean:0.1 dS m−1). Soil organic carbon content was very low, ranging from 0.8 to 20 g kg−1,

160reflecting irregular distribution with depth. The SOC in surface soil ranged from 2.4 g kg−1 to
20 g kg−1. The variation may be attributed to the cumulative effect of crop residue addition and
loss due to various crop management practices (Lalitha and Kumar 2016). The SOC in the subsurface
soils ranged from 0.5 g kg−1 to 8.1 g kg−1, and as low as 0.8 g kg−1 were found in bottom layers
(©>150 cm depth) because of negligible residue addition. The mean and standard deviations of soil

165particle size distributions showed that sand (53.5% ± 16.5) was the predominant fraction, followed
by clay (31.5% ± 13.1) and silt (15.0% ± 6.4). The soil particle size contents are mainly influenced by
parent material and erosion rate (Lalitha et al. 2021a). The field capacity and permanent wilting point
ranged from 4.1–70.9% and 2.1–41.0%, respectively. The cation exchange capacity of the soils varied
from 1.2 to 52.6 cmol (+) kg−1 (Table 1). The cation and water retention characteristics of the soils are

170mainly controlled by the amount and kind of clay minerals present in the soil (Lalitha et al. 2019). The
skewness coefficient for soil properties ranged from −0.8 to 4.2, and except for soil pH and sand,

ARCHIVES OF AGRONOMY AND SOIL SCIENCE 5

http://www.asdi.com
mailto: Page 5 Deleted: &#x003E; 150


other properties were positively skewed. The skewness and kurtosis coefficients for clay were 0.3 and
−0.2, showing a fairly symmetrical distribution. The properties such as EC, OC, FC, PWP, and CEC were
highly skewed, reflecting asymmetric distribution. The variation might be due to the differential

175pedogenic process operating over different horizons of soil profiles (up to 2 m or till to the hard
substratum), controlling the biogeochemical cycle, and intern influencing the vertical distribution of
soil physical and chemical properties. A very high coefficient value for kurtosis was observed for EC,
OC, FC, PWP, and CEC, possibly because of outliers (Brys et al. 2004).

Spearman correlations between soil properties

180Correlation analysis helps to identify the prediction approximation of individual soil properties based
on the correlation between the properties of first-order predictions (SOC, sand, clay, and Fe and Al
oxides) (Terra et al. 2015) and other soil properties. The Spearman correlations among soil properties
showed that soil pH had a significant positive correlation with soil properties except for SOC (−0.29,
p < 0.01) and sand fractions (−0.31, p < 0.01). The same trend was observed for EC, which had

185a significant negative correlation with sand fractions (−0.22, p < 0.01).©Interestingly, the SOC that
could be detected directly by spectroradiometer called the first-order prediction (reported from
humid and temperate regions) was not significantly correlated with other soil properties (Table 2). In
humid or temperate soils, the non-spectrally detectable properties were well predicted
through second-order predictions due to a strong correlation between soil properties and SOC.

Table 1. Summary statistics of soil properties.

Properties pH

EC OC Sand Silt Clay FC PWP CEC

(dS m−1) (%) (cmol (+) kg−1)

Mean 7.6 0.10 0.40 53.5 15.0 31.5 22.2 11.4 14.7

Min 4.5 0.02 0.08 4.4 2.0 5.8 4.1 2.1 1.2
Max 9.1 0.48 2.00 92.3 36.0 67.8 70.9 41.0 52.6
SD 0.9 0.08 0.23 16.5 6.4 13.1 9.5 6.3 9.5

Kurtosis 0.1 2.98 10.49 0.7 0.7 −0.2 5.4 3.1 2.9
Skewness −0.8 1.57 2.22 −0.6 1.0 0.3 1.8 1.5 1.6

Table 2. Spearman correlation between soil properties and first three PCA scores of the spectra (N = 228).

Soil properties pH EC SOC Sand Silt Clay CEC FC D1 D2 D3

pH −0.51** 0.26** −0.31**

EC 0.58** −0.70** 0.14* −0.14*
SOC −0.29** 0.22** −0.27** −0.22** 0.18**
Sand −0.31** −0.22** 0.07 0.18** −0.18** 0.69**

Silt 0.43** 0.34** 0.03 −0.43** −0.32** 0.41** −0.07
Clay 0.37** 0.16* −0.06 −0.81** 0.28** −0.01 0.06 −0.80**

CEC 0.67** 0.59** 0.04 −0.61** 0.49** 0.68** −0.57** 0.12 −0.54**
FC 0.58** 0.29** −0.14* −0.77** 0.55** 0.83** 0.76** −0.22** 0.29** −0.66

PWP 0.50** 0.30** −0.07 −0.78** 0.42** 0.89** 0.76** 0.89** −0.24 0.15* −0.79**

*. Correlation is significant at the 0.05 level (2-tailed)
**. Correlation is significant at the 0.01 level (2-tailed)

6 M. LALITHA ET AL.
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190The soil particle size fractions, CEC, and water retention parameters were significantly correlated
(p < 0.05) among each other. Particularly sand fraction had a significant (p < 0.05) negative
correlation, while the silt and clay fractions had a significant positive correlation (p < 0.05) with all
the soil properties. Among that clay was strongly correlated with field capacity (0.83, p < 0.01) and
permanent wilting point (0.89, p < 0.01). It indicates that the surface charges on the clay particles or

195clay mineralogy make up the soil cation and water retention characteristics.

Description of VNIR-SWIR spectra related to soil order properties

The major soil order identified in the southern Karnataka plateau was Alfisols (red ferruginous soil),
followed by Inceptisols. The soil spectral reflectance measured for different horizons of major soil
order profiles is given in Figure 2. The spectral signatures exhibited by the soil orders were almost

200similar in curve shape across the wavelength region, particularly the highest absorbance features at
1900, followed by 2200 and 1400 nm. The Inceptisol order showed a similar reflectance pattern

Figure 2. Spectral reflectance curve of soils from different horizons of a) Inceptisols and b) Alfisols.

ARCHIVES OF AGRONOMY AND SOIL SCIENCE 7



across the soil layers whereas, in Alfisols, the surface horizon had a high reflectance feature
compared to subsurface horizons of the profile might be due to the high sand content of the
surface. It is the peculiar characteristic of Alfisols (having an argillic diagnostic horizon featured by

205the accumulation of illuvial clay from the surface horizon) (Soil Survey Staff 2010).
The absorption feature at 850 nm was more prominent in Alfisols, and mainly, the subsurface had

a sharp absorption curve compared to surface soils. The presence of iron and aluminium minerals in
the illuviated clay minerals of subsurface layers might have been the cause for a more prominent
reflectance curve at 850 nm (Richter et al. 2009). The absorption feature for OH stretching ranged

210from 1410 to 1415 nm; H-O-H absorption features were observed from 1910 to 1920 nm, and Al-OH
stretching from 2200 to 2210 nm for different layers. The absorbance feature for OH stretching was in
the reflectance range of 0.270 to 0.365 for different horizons of Inceptisol. Wherein the Alfisols, the
range was between 0.255 and 0.305, which might be related to the presence of 1:1 or 2:1 clay
minerals.

215Similarly, the spectral feature for H-O-H and Al-OH stretching was in the reflectance range of 0.190
to 0.235 and 0.245 to 0.365 for Inceptisols. In the case of Alfisols, the reflectance range was 0.175 to
0.225 and 0.185 to 0.210 for H-O-H and Al-OH groups, and it might be related to the presence of
residual water or hydroxides of Fe and Al, respectively. The absorption features related to the
compounds of soil organic matter observed at 2390 to 2400 nm (Stevens et al. 2008; Vasques

220et al. 2009) were not prominent for both Alfisols and Inceptisols. Overall, comparing the spectral
reflectance of the two soil orders, the absorbance pattern and spectral curve shape were more
prominent in Alfisols than Inceptisols might be because of comparatively more Fe-bearing minerals
in the soil.

Predictions of soil properties

225Soil cation exchange capacity was predicted better with an accuracy of R2:0.74, RMSE of 4.88%, CCC
of 0.82, and RPD of 1.9, followed by permanent wilting point (R2:0.72, RPD:1.9). Soil field capacity
(R2:0.65, RPD:1.6), clay (R2:0.65, RPD:1.7), sand (R2:0.60, RPD:1.6) (Table 3) were moderately©well
predicted. The soil silt had a low R2 value of 0.22. The CCC for ESP was negligible; low for SOC;

Table 3. Prediction performance of RF models in predicting various soil quality properties.

Properties R2 CCC RMSE(%) BIAS RPD

pH 0.53
(0.14)

0.65
(0.11)

0.60
(0.10)

−0.02
(1.49)

1.5

EC 0.48
(0.21)

0.64
(0.11)

0.06
(0.01)

0.00
(0.01)

1.3

SOC 0.22
(0.23)

0.40
(0.20)

0.19
(0.07)

0.01
(0.03)

1.2

Sand 0.60
(0.1)

0.72
(0.07)

10.33
(1.52)

0.04
(1.49)

1.6

Silt 0.46
(0.17)

0.59
(0.13)

4.47
(0.91)

0.11
(0.80)

1.4

Clay 0.65
(0.05)

0.76
(0.03)

7.64
(0.51)

0.08
(1.05)

1.7

CEC 0.74
(0.07)

0.82
(0.04)

4.88
(0.85)

−0.07
(0.62)

1.9

FC 0.65
(0.08)

0.76
(0.05)

5.80
(1.02)

−0.17
(0.77)

1.6

PWP 0.72
(0.05)

0.81
(0.04)

3.28
(0.43)

−0.14
(0.43)

1.9

CCC- Concurrent correlation coefficient
Values in parenthesis are SD
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moderate for pH, EC, and silt; high for sand, clay, CEC, FC, and PWP (Hinkle et al. 2003). Soil organic
230carbon was poorly predicted with an R2 of 0.22, RMSE of 0.19%, and RPD of 1.2 against an average R2

of 0.81 in the NIR region and R2 of 0.78 in the visible region reported by Rossel et al. (2006a)
(Figure 3). The good prediction could be due to the wide range of SOC content in the humid regions
(Bellon-Maurel and McBratney 2011; Terra et al. 2015). Unlike humid tropical areas, where the SOC
content ranged from 0.1 to 106 g kg−1 (Pinheiro et al. 2017), the SOC observed in the study area was

235very narrow (0.008 to 2 g kg−1) due to the higher decomposition rate aided by high temperature and
cultivation practices (Lalitha et al. 2021b). The EC, SOC, and silt were poorly predicted (1.4 > RPD >
1.0©), whereas sand,©clay, and FC were fairly predicted (1.8 > RPD > 1.4) and good predictions were
observed for CEC and PWP (2.0 > RPD > 1.8) (Rossel et al. 2006a). Overall, it indicates that the spectral
prediction of the random forest model was good for soil properties that had a wide range (clay, sand,

240CEC, FC, and PWP) in contrast to those varying in a narrow range (pH, EC, and SOC).

Most important variable

The most important variable based on the Gini score deployed by the model in predicting various
soil properties is given in Figure 4. The most important variable (IncNodePurity) of SOC, pH, EC, and
silt did not show any peak trend in the spectral region due to poor model performance. In the case of

245sand, the Gini score was high, around 400, 1900, and 2000 nm spectral range with peaks at 409, 410,
411, 1897, 1900, 1930, 1985, 1987, 2002, and 2072 nm. The Gini score for clay was in the spectral
range of 2200, 2300, and 2500 nm, with peaks of more than 125 at 2210, 2435, and 2442 nm,
respectively. The peak at 2210 nm might be related to OH-Al, and OH modes as in montmorillonite,
kaolinite, and illite (Gomez and Coulouma 2018), and the peak around 2400 nm range might be

250related to muscovite or biotite (Post and Noble 1993). The Gini score for CEC was high in the spectral
range of 1914 to 2098 nm, with peaks at 1914, 1936, and 2099 nm. The soil water-retention
characteristics, such as field capacity and permanent wilting point, resemble the Gini score of soil
CEC. The highest peaks were observed for FC and PWP at 1995, 2039, 2118, 2251, and 2299 nm and
1919, 1948, 2028, 2041, and 2248 nm, respectively. It reflects that soil mineral composition and clay

255mineralogy plays a direct role in soil CEC and water retention characteristics of these soils. Thus, the
peak around the 1900 nm region might be related to the high specific surface area of 2:1 clay
minerals, which could firmly adsorb water molecules on their surface (Stenberg 2010). Similarly, the
peak around 2200 nm regions might be related to interlayer lattice water present in the clay minerals
as hydrated cations, which may increase with increasing clay content (Bishop et al. 1994; Marakkala

260Manage et al. 2018).

VNIR-SWIR spectra and soil properties

The spectral variations related to the reflectance behaviour of different soils were analyzed through
principal component analysis (PCA) (Figure 5). The first three components showed a cumulative
variation of 97% after varimax rotation, and their eigenvectors were used for assessing the reflec-

265tance behaviour across the VNIR-SWIR region. The PC1, which explained 50% of the spectral
variation, has significant deep troughs at 1413 and 1916 nm that are related to overtones of
O-H and H-O-H stretch vibrations, indicating the presence of water bound in the interlayer clay
lattice (Bishop et al. 1994). Wherein the troughs at 2206, 2356, and 2384 nm are associated with
varying Al content and the isomorphous substitution of Fe and Mg for Al in the inorganic soil

270components (Ben-Dor et al. 1999; Ng et al. 2019). Overall, the PC1 group may indicate the presence
of expanding clay minerals such as montmorillonite, vermiculite, and illite group minerals that are
most dominant in the soils of Inceptisols soil order (Rossel and Behrens 2010). The reflectance of
these minerals varies according to their swelling capacity, hydration property, and occurrence of
interlayer cations (Stevens et al. 2013). This assignment is supported by the significant correlation

275between PC1 score and soil properties related to clay mineralogy (©second-order variable) such as CEC
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a)SOC b) Clay

c) Sand d) CEC

FC PWP

Figure 3. Scatter plots of predicted and observed soil properties of southern Karnataka plateau using RF model (green points-
calibration data, red points-validation data).
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(−0.570, p < 0.01), silt (−0.318, p < 0.01), FC (−0.215, p < 0.01), and PWP (−0.239, p < 0.01). The PC2
explained only 13% of the spectral variation due to the low amount of organic components available
for spectral interaction. The eigenvector undulation from 500 to 900 nm might be due to the
absorption deviation of different soil organic components in the visible region. The slight and

280important features which are difficult to distinguish at 1436, 1895, and 2290 nm are related to
COO-, COOH, and CO-NH2 bonds present in different organic components such as protein, humic
acids, fulvic acids, starch, lignin, etc. (Ben-Dor et al. 2002©), and the adsorbed water on the organic

Figure 4. Most important variable score from the random forest model for soil properties in the southern Karnataka plateau.
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matter. The significant peaks at 881, 1384, and 2201 nm might be related to chelation with metal
cations. These are explained by the significant negative correlation between PC2 score and SOC

285(−0.177, p < 0.01) and a weak correlation with other soil properties. The eigenvector of the third PC
showed a spectral variation of 34%, and it has well-defined peaks at 661, 945, 1413, 1920, and
2206 nm, which are related to the presence of iron oxides. The presence of hematite (Fe2O3) and
goethite (FeOOH) in Alfisols (red ferruginous soils) might be the reason for the peaks at 661 and
945 nm (Rossel and Behrens 2010). The peaks in other regions might be due to microcrystalline

290kaolinites with structured Fe formed through metamorphic alteration of plagioclase feldspar and
biotite micas during the paleoclimatic history of humid tropics, which remain as remnant clay
minerals in soils of prevailing semi-arid tropics (Pal 2021Q3 ). The third PC scores were strongly
correlated with pH (−309, p < 0.01), EC (−0.140, p < 0.01), clay (−0.803, p < 0.01), CEC (−0.539,
p < 0.01), PWP (−0.663, p < 0.01) and FC (−0.787, p < 0.01) indicating the significance of iron oxide

295minerals of red ferruginous soil.

Conclusion

Assessment and prediction of soil properties of southern Karnataka plateau by VNIR-SWIR spectro-
metry coupled with Random Forest algorithm showed that the prediction performance was low for
SOC, moderate for pH, EC, and high for sand, clay, CEC, FC, and PWP. The spectral interpretation with

300the help of the PCA score revealed that soil properties such as CEC, silt, FC, and PWP were in one
group concerning wavelength absorption by clay minerals. The second group focused on the
wavelength absorption region related to SOC content, and the low prediction for soil organic carbon
is due to its low content and narrow range in the soils. The third group consists of pH, EC, clay, CEC,
PWP, and FC, which are related to the wavelength absorption region by iron oxides. The good

305prediction observed for sand, clay, CEC, FC, and PWP suggests that clay mineralogy is the prime
factor that controls the functional capacity of inherent soil properties. The good performance of
sand, clay, CEC, FC, and PWP suggests that VNIR-SWIR spectrometry coupled with the Random Forest

Figure 5. Eigenvectors of the first three PCA scores.
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algorithm could be an efficient supplement tool enabling rapid assessments of inherent soil proper-
ties for resource management. Developing a robust spectral library incorporating both spectral and

310soil data acquired and analyzed by adopting quality control standards may further advance and
innovate solutions for rapid characterization of soil resources
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