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Abstract: Landslides cause ecosystem degradation; they can significantly alter and deteriorate the
soil quality. The analysis of deterioration in soil quality is critical as it provides baseline evidence
for subsequent revegetation and management of forest. The effects of landslides on the natural
environment (losses of soil resources), on the other hand, have received little consideration. Such
information about the status of loss of soil resources in the landslide–disturbed areas of the Garhwal
Himalayas is lacking. Therefore, the objective of the study is to assess the changes in soil quality
restoration after the occurrence of landslides. A chronosequence of four landslide disturbed sites, L6–
6–year–old, L16–16–year–old, L21–21–year–old and L26–26–year–old, was selected in the Alaknanda
watershed of Uttarakhand. Seventy–six samples have been collected from the four landslide sites
and a reference site (undisturbed site). The sites L6 and L16 are considered as recent landslide sites,
whereas L21 and L26 are considered as old landslide sites. Entisols (Lithic–Udorthents) predominate
in all the studied sites. The results have demonstrated that with the increasing age of landslides, the
soil quality progressively improves with time, and the concentration of soil nutrients, viz., available
phosphorus (AP), available potassium (AK) and mineralisable nitrogen (MN), in old landslide sites
reaches to about 84%, 87% and 97%, respectively, of the reference site. Soil Quality Index (SQI) scores
have been calculated using the Integrated Quality Index (IQI) equation. The disturbed sites L6, L16,
L21 and L26 and the reference site have SQI scores of 0.136, 0.279, 0.447, 0.604 and 0.882, respectively.
However, significant differences exist between the SQI of all the studied sites (p < 0.05, Tukey’s HSD),
which implies that the concentration of soil organic carbon (SOC) and available nutrients was reduced
due to the occurrence of landslides. The results also suggested that SOC, AP and clay fraction can be
considered important evaluation indicators to assess soil quality and development.

Keywords: ecosystem degradation; soil indicators; recovery; Garhwal Himalayas; soil quality
index (SQI)

1. Introduction

Landslides are one of the destructive geological processes that occur throughout
the world, and they are especially more frequent in certain areas [1]. The entire Indian
Himalayan Region (IHR) is one such area due to the intense monsoon precipitation, frequent
tectonic activity, weak geologic condition and very steep and rugged topography [2–6].
Landslides are responsible for huge economic and social losses endangering the people
living in the mountains in terms of human life, livelihood, infrastructure and natural
resources [7–9]. In the Garhwal Himalayas of Uttarakhand state in the IHR, landslides
occur frequently because the area is traversed by many faults such as Main Central Thrust
(MCT), Main Boundary Thrust (MBT) and Tethyan Thrust, which are tectonically active
zones [10–12].
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Landslides can have long–term impacts on the ecosystem and environment [13]. They
can have profound effects on biodiversity and significantly alter soil quality [7,14,15]. Land-
slides alter soil properties primarily by exposing parent material (C horizon) by removing
the upper fertile organic layer (O, A, and B horizons) which is carried downslope. Variations
in soil characteristics may include degradation of its structure [16], loss of nutrients and fer-
tility, loss of organic matter, compaction and erosion of soil particles [17]. Soil compaction
can be caused by soil homogenisation, removal of forest cover and, fragmentation of forest
floor, which is due to an enormous pressure exerted by gravity on the abrupt downward
movement of the land [18]. Several authors reported that the concentrations of available
nitrogen (AN) [19], available phosphorus (AP) [7], soil organic carbon (SOC) [20,21] and
exchangeable cations such as Ca2+, Mg2+ and K+ [22], decreased in landslide–affected sites,
resulting in the deterioration of soil quality.

The analysis of specific locations with the passage of time is considered to be the most
effective method for an assessment of changes in soil quality [19,23]. However, after any
natural or anthropogenic disturbances, the restoration and recovery processes are too slow
on a human timescale and may require hundreds of years to achieve equilibrium [24–26].
This difficulty in the assessment of soil quality with time has prompted an alternative
approach that is less time–consuming and more feasible, i.e., the establishment of chronose-
quences (discussed in detail in the methodology section). Chronosequences can be helpful
for studying the short–term temporal variations [27] in soil properties over a time period of
ca. 1–100 years [28].

The idea of soil quality (SQ) incorporates the appraisal of soil properties as they relate
to soils’ capacity to perform ecosystem services efficiently as a part of a sustainable natural
environment. Broadly, soil quality is defined as “the ability of a particular type of soil to
function within natural or managed ecosystems, to preserve biological productivity, to
enhance or preserve the environmental (air and water) quality, and to promote human
health and habitat” [29–31].

According to [32], soil nutrients and other physicochemical characteristics are effective
indicators for soil quality assessment. Currently, there is no widely accepted specific stan-
dard or criteria for evaluation of soil quality [33,34]. However, in view of the variability
and complexity of soil properties, many evaluation methods have been developed so far,
such as soil quality models [35], soil quality index (SQI) methods [29,30,36–38], soil health
cards and testing kit [39], the fuzzy association rules [40], and the soil multifunctionality
index [41]. Among these methodologies, the soil quality index (SQI) is generally incorpo-
rated for the assessment of soil quality [36] because of its simplicity and it can be used
flexibly to quantify the changes in different types of soil.

The effects of landslides on the natural environment have received little consideration
in the last two decades in India because most authors have focused their attention on socio–
economic impacts and livelihood status. The aspect of environment has been overlooked
by researchers for years. Even the status of soil quality loss in the landslide–disturbed
areas of the Garhwal Himalayas has not been reported so far. Therefore, the present
study aimed at (1) evaluating the soil quality in a chronosequence of landslide disturbed
sites, (2) determining the soil characteristics that may limit the recovery of soil with time,
(3) assessing the damage to the soil quality caused by landslides, and (4) recovery status of
soil after the landslide occurrence.

2. Materials and Methods
2.1. Study Area

The area selected for the present study is the Alaknanda watershed (latitude 30◦

to 31◦ N and longitude 78◦30′ to 80◦ E) of the Garhwal Himalayas (Figure 1). The area
lies in seismic Zone—IV and V and receives heavy precipitation during the monsoon
season [42]. The area is highly prone to landslide activities. Geographically, this area lies
in the Lesser and Higher Himalayas, which is a highly dissected terrain and a seismically
active zone [43]. The area is traversed by many faults, including the Main Central Thrust
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(MCT), Main Boundary Thrust (MBT) and Tethyan Thrust, which is a tectonically active
zone [10,11,44]. The sites considered for this study lie in the two districts of Uttarakhand,
viz. Rudraprayag and Chamoli in the Alaknanda watershed. In the entire watershed area,
the southwest monsoon prevails, which comes in late June and continues till the end of
September [11]. The average annual precipitation of the study area is 1747.2 mm (IMD,
2018) (Figure 2).
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Figure 1. Topography of Alaknanda watershed. (a) Illustrated watershed region showing Alaknanda
River (blue); black features (circles) represent the landslide sites. The black outline indicates the
location of the study area. Inset map shows the geographical area of Uttarakhand state and the
Alaknanda watershed (blue). (b) Enlarged view of the study area. Black circles represent the location
of selected landslide sites with the year of occurrence. The triangle illustrates the location of the
reference site.
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Figure 2. Rainfall pattern of the study area (IMD, 2018).

2.2. Chronosequence of Landslides- Site Selection

There are two techniques for soil quality assessment at recovering landslide sites (the
sites that naturally try to regain their original position after disturbance)- (a) perspective
technique, and (b) retrospective technique. The ‘perspective technique’ involves the analysis
of changes in soil characteristics of the degraded/landslide–affected sites with time. Soil
formation is a prolonged process and hence this technique becomes a long–lasting method.
It is also considered that the selected site in this technique becomes susceptible to future
landslide events and other disturbances. However, the ’retrospective technique’ involves
various past landslide sites of different ages. The age of the landslide is described as the
difference between the time (year) of triggering of the landslide and the time of sample
collection. Contrary to the perspective technique, in the retrospective technique it is
considered that the landslide will not trigger again on the selected sites before the sample
collection. Upon comparing both methods, the latter was found to be less time–consuming
and more feasible. Moreover, one–time sampling of the chronosequence of landslides is
considered as reliable as the resampling done on the particular site with time. Hence, the
retrospective method has been applied in the present study.

In the study area, 22 landslide sites were identified based on the field survey, available
literature and information from local people. Among these sites, four landslide sites were
selected varying in age from 6 to 26 years after the occurrence of landslide (Table 1 and
Figure 3). Based on the age, sites L6 and L16 are considered as the young or recent landslide
sites, whereas sites L21 and L26 are considered as the old landslide sites. In addition, a
reference site was also selected adjacent to the youngest landslide site, where no landslide
disturbance or any other type disturbance has occurred in the past.

Table 1. Characteristics of studied landslide sites and reference (control) site in Garhwal Himalayas.

Sites Year of Landslide
Occurrence

Coordinates Elevation
(m a.s.l.)

Slope (◦) Aspect Parent Material
Longitude Latitude

L6 2013 79◦0′01.62′′ N 30◦38′03.55′′ E 1764 32 West Schist
L16 2003 79◦27′58.54′′ N 30◦28′41.27′′ E 1423 38 North East Dolomite, phyllite
L21 1998 79◦05′02.87′′ N 30◦33′52.09′′ E 1256 34 South Schist, gneiss
L26 1993 79◦01′22.04′′ N 30◦35′55.57′′ E 1672 28 East Quartzite, schist

Reference
(control) site 79◦0′26.24′′ N 30◦37′29.60′′ E 1711 26 North East Schist, phyllite
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Figure 3. Photos of the study sites. (a) L6, landslide site of 2013, (b) L16, landslide site of 2003, (c) L21,
landslide site of 1998, (d) L26, landslide site of 1993, (e) reference (control) site.
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2.3. Site Characteristics

The soils of the selected disturbed sites and the reference site are Lithic Udorthents
belonging to the order–Entisols and suborder–Orthents (soil map of Uttar Pradesh pub-
lished by NBSS&LUP–ICAR, 1999) (Figure 4). The young sites L6 and L16 are dominated by
Ageratina adenophora, an early coloniser which is a perennial shrub native to central Mexico
and considered as an invasive species in India. Site L21 is dominated by the large shrub
Colebrookea oppositifolia. Site L26 is dominated by the tree species Quercus leucotrichophora
along with the shrub species Debregeasia salicifolia and Rumex hastatus. The undisturbed site
is dominated by Quercus leucotrichophora with Betula alnoides and Rhododendron arboretum
as the main associates. The reference site also includes shrubs (e.g., Debregeasia salicifolia,
Reinwardtia indica) and herbs (e.g., Pilea racemosa, Scutellaria scandens).
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2.4. Soil Sampling and Analysis

The composite soil samples were collected from each sampling site at a regular
grid/interval of 5 m at two depths: 0–15 cm and 15–30 cm. A total of 76 soil samples
were collected during the post–monsoon season (October 2019). At sites L6 and L21, eigh-
teen soil samples, at site L16 sixteen samples, and twelve samples each have been collected
from both site L26 and the reference site.

The collected soil samples were air dried, ground and passed through a 2 mm sieve
for analysis of various physical characteristics. The following physical parameters were
analyzed- bulk density (BD), particle density (PD), total porosity (TP), moisture content
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(MC), sand (0.02–2.0 mm), silt (0.002–0.02 mm) and clay (<0.002 mm). The air–dried and
ground samples were passed through a 0.2 mm sieve for further chemical analysis. The
parameters included are electrical conductivity (EC), soil organic carbon (SOC), available
phosphorus (AP), available potassium (AK) and mineralisable nitrogen (MN). The adopted
analytical methods for each parameter are listed in Table 2.

Table 2. Methods used for the analysis of selected properties of soil in the present study.

Properties Method Used Reference

pH Soil water suspension (soil:water = 1:2.5) [45]
EC Supernatant of soil water extract [46]

SOC Rapid titration [47]
MN Kjeldahl method [48]
AP Ascorbic acid method [49]
AK Ammonium acetate method [50]
BD Core sampler method [51]
PD Using pycnometer bottles [51]
TP Porosity =

(
1− BD

PD

)
∗100

MC Gravimetric and oven–dry method
Sand Hydrometer method [52]
Silt Hydrometer method [52]

Clay Hydrometer method [52]

2.5. Soil Quality Assessment

To assess the soil quality through the soil quality index (SQI), six steps have been
followed- (a) examination of the significant differences in the parameters, (b) selection of
significant variables for PCA, (c) selection of indicators as MDS and assigning their weights,
(d) correlation analysis to check whether the weighted indicators are redundant or not,
(e) linear scoring to score the selected indicators, and (f) calculating SQI according to score
and weight of the selected indicators.

2.5.1. Adequacy of the Data

Adequacy and multivariate normality of the parameters are measured by Kaiser–
Meyer–Olkin (KMO) and the Bartlett test of sphericity, respectively. A value for the KMO
test above 0.8 is considered to be ‘great’ [53–55]. In the Bartlett test, a significance value less
than 0.05 suggests that the data is normal and can be accepted for further analysis [53,56,57].
In the present study, the data has fulfilled both conditions (Table S1).

2.5.2. Selection of Indicators for Minimum Data Set (MDS)

One–way ANOVA was performed to evaluate differences between the soil characteris-
tics (indicators) and to observe the differences at 0.05 level of significance using Tukey’s
HSD post hoc test. The indicators having significant differences (p < 0.05) are consid-
ered for the minimum data set (MDS). Those significant indicators were selected for the
principal component analysis (PCA) [36,58,59] to minimise the number of independent
indicators [58,60].

The PCs explaining ≥ 5% of the variance and having eigenvalues ≥ 1 [36,61,62]
were selected. The selected PCs were subjected to the varimax rotation to increase the
correlation between the indicators. The ‘highly weighted’ (factor loading value within 10%
of the highest weighted indicator) indicators are selected under a particular PC that are
retained for the MDS. However, when more than one indicator is retained in a particular
PC, multivariate correlation matrix has been used to calculate correlation coefficients
between the indicators. The indicators are retained if the value of coefficients is less than
0.7, which indicates that each of the indicators is important within a particular PC [63]. If
the indicators are significantly correlated (r > 0.7) in a certain PC, the indicator having the
highest correlation sum had been retained in the MDS [58,64].
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2.5.3. Weight Assignment

In the present study, the weight of MDS indicators is calculated as the ratio of com-
munality of a particular indicator to the sum of communalities of all the indicators in the
minimum data set [58,65].

2.5.4. Scoring of Indicators

Indicators selected in MDS were transformed into a dimensionless value ranging from
0 to 1 by the linear scoring method [58]. Selected indicators are arranged in either ascending
or descending order depending on whether the higher observed value is “good” or “bad”
in terms of soil ecosystem functions. ‘More is better’ or ‘less is better’ function is applied to
the indicators retained in the MDS (where best soil functions are attributed to more or less
values, respectively). For ‘more is better’ indicators, each observed value of the indicator
was divided by the highest value. For ‘less is better’ indicators, the lowest observed value
was divided by each observed value [63,66].

2.5.5. Soil Quality Index (SQI) Calculation

The weight and score of the indicators retained in the MDS are multiplied and then
summation has been done to calculate the soil quality index using the Integrated Quality
Index (IQI) Equation (1) as per [29]

SQI =
n

∑
i=1

Wi ∗ Si (1)

where Wi is the weight assigned to the indicator, Si is the score given to each indicator and
n is the number of indicators retained in the MDS.

2.6. Statistical Analysis

Mean has been calculated for all indicators of both depths. The data had been trans-
formed using an inverse method for PCA analysis as the data is not normally distributed.
One–way analysis of variance (ANOVA, p < 0.05) is used to find an overall significant
difference between all the studied sites, and if significant differences have been found,
Tukey’s HSD post hoc test (p < 0.05) has been employed to identify the differences between
the sites. The relationship strength between variables is determined by using the Pearson’s
correlation coefficient. All the computation of statistics had been performed using the SPSS
software v. 26 (2019) and Microsoft Excel (2016) for windows.

3. Results
3.1. Impact of Landslide Disturbance on Soil Characteristics

The results indicated that landslides have a significant impact on the soil physico–
chemical characteristics after the occurrence of the landslide. All the soil characteristics
exhibited significant differences (ANOVA, p < 0.05) between the landslide–disturbed sites
and the reference site (Figure 5). However, there is an absence of significant differences
(Tukey’s HSD, p > 0.05) in all the chemical properties between the young sites—L6 and
L16—and the old sites—L21 and L26—except in AP and AK (Figure 5). Considering soil
chemical characteristics, the mean soil pH varies from 4.75–6.86 but pH does not show
any clear trend with the age of landslides. The electrical conductivity (EC) increased
significantly from 44.85 µS/cm at site L6 to 91.6 µS/cm at site L26 and the maximum has
been observed in the reference site. The mean values of SOC range from 0.18% to 2.25% in
the landslide–affected sites, which increases gradually with time. However, the maximum
concentration of SOC had been found in the reference site. A similar trend is also observed
among the studied macronutrients (MN, AP and AK) of the soil (Figure 5).



Land 2022, 11, 1819 9 of 18

Land 2022, 11, x FOR PEER REVIEW 9 of 19 
 

3. Results 

3.1. Impact of Landslide Disturbance on Soil Characteristics 

The results indicated that landslides have a significant impact on the soil physico–

chemical characteristics after the occurrence of the landslide. All the soil characteristics 

exhibited significant differences (ANOVA, p < 0.05) between the landslide–disturbed sites 

and the reference site (Figure 5). However, there is an absence of significant differences 

(Tukey’s HSD, p > 0.05) in all the chemical properties between the young sites—L6 and 

L16—and the old sites—L21 and L26—except in AP and AK (Figure 5). Considering soil 

chemical characteristics, the mean soil pH varies from 4.75–6.86 but pH does not show 

any clear trend with the age of landslides. The electrical conductivity (EC) increased sig-

nificantly from 44.85 μS/cm at site L6 to 91.6 μS/cm at site L26 and the maximum has been 

observed in the reference site. The mean values of SOC range from 0.18% to 2.25% in the 

landslide–affected sites, which increases gradually with time. However, the maximum 

concentration of SOC had been found in the reference site. A similar trend is also observed 

among the studied macronutrients (MN, AP and AK) of the soil (Figure 5).  

Among soil physical characteristics, sites L6 and L16 are characterised by significantly 

higher BD, PD and sand fraction as compared to the old landslide sites; however, a signif-

icant difference is absent (Tukey’s HSD, p > 0.05) between the L6 and L16 sites and between 

the L21 and L26 sites (Figure 5). Bulk density in landslide–affected sites varies from 1.14 to 

1.89 g/cm3. 

  

  

a
b

cf

df

ef

(A) (B)

a

ae

bef

cfg

dg

(C)
a

be ce

d

a

(D)
a

b

ce

de

a
Land 2022, 11, x FOR PEER REVIEW 10 of 19 
 

  

  

  

  

a

b

d

e

c

(E)

a

b

d

e

c

(F)

(G)

a

be
ce

d

a
a

be
ce

de

a

(H)

(I)

a

be

ce

d

a

a

b

d

c

a

(J)

a

b

d

e

c

(K) (L)

a

b

df

cf

e

Figure 5. Cont.



Land 2022, 11, 1819 10 of 18

Land 2022, 11, x FOR PEER REVIEW 10 of 19 
 

  

  

  

  

a

b

d

e

c

(E)

a

b

d

e

c

(F)

(G)

a

be
ce

d

a
a

be
ce

de

a

(H)

(I)

a

be

ce

d

a

a

b

d

c

a

(J)

a

b

d

e

c

(K) (L)

a

b

df

cf

e

Land 2022, 11, x FOR PEER REVIEW 11 of 19 
 

 

 

Figure 5. Soil physico–chemical properties in landslide–affected sites (L6, L16, L21 and L26) and refer-

ence site (Control). (A) pH, (B) electrical conductivity (EC), (C) soil organic carbon (SOC), (D) min-

eralisable nitrogen (MN), (E) available phosphorus (AP), (F) available potassium (AK), (G) bulk 

density (BD), (H) particle density (PD), (I) total porosity (TP), (J) moisture content (MC), (K) sand, 

(L) silt, (M) clay. Different letters represent significant difference at p < 0.05 (Tukey’s post hoc HSD 

test). 

Significantly higher TP, MC, silt and clay fraction have been observed in L21 and L26 

sites as compared to the young landslide sites and the maximums have been found in the 

reference site (Figure 5). 

3.2. Selection of Indicators for the Minimum Data Set (MDS) for Principal Component Analysis 

(PCA) 

All the studied properties (indicators) of soil have shown significant differences be-

tween the soils of disturbed sites and the reference site. Therefore, all the 13 parameters 

are being considered for the PCA to select a representative MDS to calculate the soil qual-

ity index (SQI). The PCA is incorporated as the data reduction tool because of its ability 

to select the MDS from the list of indicators [29]. 

Based on the results obtained from the principal component analysis, two PCs are 

considered having eigenvalues ≥ 1, which explained 86.92% of the total variance of the 

soil indicators (Table 3). PC1 explained 79.73% of the variance with five highly weighted 

variables and PC2 explained 7.19% of the variance with only two highly weighted varia-

bles. In each PC, only the indicators having absolute loading values within 10% of the 

highest loading value are considered as highly weighted variables. Therefore, pH, SOC, 

BD, TP and MC from PC1, and AP and clay from PC2, are considered the highly weighted 

eigenvectors (Table 3). 

Table 3. Result of principal component analysis (PCA) of significant soil indicators. 

PCs PC 1 PC 2 

Percent of variance (%) 79.732 7.191 

Cumulative variance (%) 79.732 86.924 

Eigenvalues 11.163 1.007 

Factor loadings (Rotated component matrix) 

pH −0.904 −0.219 

EC 0.492 0.647 

SOC 0.836 0.523 

MN 0.335 0.798 

AP 0.378 0.898 

AK 0.671 0.696 

a

bf

d

cf

e

(M)

Figure 5. Soil physico–chemical properties in landslide–affected sites (L6, L16, L21 and L26) and
reference site (Control). (A) pH, (B) electrical conductivity (EC), (C) soil organic carbon (SOC),
(D) mineralisable nitrogen (MN), (E) available phosphorus (AP), (F) available potassium (AK),
(G) bulk density (BD), (H) particle density (PD), (I) total porosity (TP), (J) moisture content (MC),
(K) sand, (L) silt, (M) clay. Different letters represent significant difference at p < 0.05 (Tukey’s post
hoc HSD test).

Among soil physical characteristics, sites L6 and L16 are characterised by significantly
higher BD, PD and sand fraction as compared to the old landslide sites; however, a signifi-
cant difference is absent (Tukey’s HSD, p > 0.05) between the L6 and L16 sites and between
the L21 and L26 sites (Figure 5). Bulk density in landslide–affected sites varies from 1.14 to
1.89 g/cm3.

Significantly higher TP, MC, silt and clay fraction have been observed in L21 and L26
sites as compared to the young landslide sites and the maximums have been found in the
reference site (Figure 5).
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3.2. Selection of Indicators for the Minimum Data Set (MDS) for Principal Component
Analysis (PCA)

All the studied properties (indicators) of soil have shown significant differences be-
tween the soils of disturbed sites and the reference site. Therefore, all the 13 parameters are
being considered for the PCA to select a representative MDS to calculate the soil quality
index (SQI). The PCA is incorporated as the data reduction tool because of its ability to
select the MDS from the list of indicators [29].

Based on the results obtained from the principal component analysis, two PCs are
considered having eigenvalues ≥ 1, which explained 86.92% of the total variance of the
soil indicators (Table 3). PC1 explained 79.73% of the variance with five highly weighted
variables and PC2 explained 7.19% of the variance with only two highly weighted variables.
In each PC, only the indicators having absolute loading values within 10% of the highest
loading value are considered as highly weighted variables. Therefore, pH, SOC, BD, TP and
MC from PC1, and AP and clay from PC2, are considered the highly weighted eigenvectors
(Table 3).

Table 3. Result of principal component analysis (PCA) of significant soil indicators.

PCs PC 1 PC 2

Percent of variance (%) 79.732 7.191
Cumulative variance (%) 79.732 86.924

Eigenvalues 11.163 1.007
Factor loadings (Rotated component matrix)

pH −0.904 −0.219
EC 0.492 0.647

SOC 0.836 0.523
MN 0.335 0.798
AP 0.378 0.898
AK 0.671 0.696
BD −0.834 −0.537
PD −0.733 −0.551
TP 0.815 0.462
MC 0.838 0.339

Sand −0.642 −0.591
Silt 0.570 0.763

Clay 0.299 0.897
Abbreviations are the same as Table 2; bold factor loadings under each PC are highly weighted and bold underlined
were selected for the MDS.

The Pearson’s correlation of highly weighted variables was calculated. The variables
were highly correlated (r > 0.7) (Table S2). Therefore, the variables with highest sum of
correlation coefficients were selected for the minimum dataset (MDS) (Table 4). SOC was
selected from PC1 and AP and clay were selected from PC2. Therefore, the final MDS
consists of three indicators, i.e., SOC, AP, and clay.

3.3. Determination of Soil Quality Index (SQI)

Soil OC plays an important role in enhancing the soil fertility and primary productivity
of an ecosystem [67]. Available phosphorus is a necessary nutrient for the proper growth
of plants and to improve the availability of other nutrients as well [32,68]. Similarly, clay
fraction (20–25%) in soil indirectly helps in improving the soil quality. Clay in the soil has
effects on the adsorption and desorption of nutrients and hydraulic properties [63,69]. The
weight of the selected three indicators in the final MDS was calculated (Table 5), which
showed that the SOC plays a more important role in determining the soil quality in the
present study as compared to the AP and clay because the weight of SOC is comparatively
higher than the other indicators.



Land 2022, 11, 1819 12 of 18

Table 4. Correlation coefficients and sums of highly weighted soil parameters in a particular principal
component (PC).

PC 1 Variables pH SOC BD TP MC

pH 1.000 0.769 0.793 0.814 0.641
SOC 0.769 1.000 0.938 0.909 0.895
BD 0.793 0.938 1.000 0.897 0.828
TP 0.814 0.909 0.897 1.000 0.824
MC 0.641 0.895 0.828 0.824 1.000

Sum of correlation coefficients 4.017 4.511 4.456 4.444 4.188

PC 2 Variables AP Clay
AP 1.000 0.870

Clay 0.870 1.000
Sum of correlation coefficients 1.870 1.870

Table 5. Estimated communalities and weight of the soil indicators selected as the minimum data
set (MDS).

MDS Indicators Communalities Weight

SOC 0.971 0.345
AP 0.949 0.337

Clay 0.895 0.318

The SQI value of all the sample locations in all the studied sites varied from 0.136
to 0.882 (Figure 6), and it was significantly higher in the mature forest (reference site)
and in the old landslide sites (L21 and L26) as compared to the young landslide sites (L6
and L16). The significant differences existed between the SQI of each of the studied sites
(p < 0.05, Tukey’s HSD). This implies that, although the soil quality of the disturbed sites
progressively improves with time, the soil quality is significantly reduced in the recent
landslide sites (L6 and L16) as the concentration of SOC and available nutrients are notably
reduced due to the occurrence of the landslides.
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Figure 6. Mean soil quality index (SQI) values in landslide disturbed sites (L6, L16, L21 and L26)
and reference site (MF—mature forest) with standard error bars (±S.E.) of total index values having
significant difference at p < 0.05. AP- Available phosphorus; SOC- Soil organic carbon.

4. Discussion

The present study indicated that oligotrophic conditions (less nutrients) predominated
in the young landslide sites (L6 and L16). Soil physical properties are the key indicators of
soil structure and hydrological status to assess soil quality. The present study also indicated
that the landslide–disturbed sites have a lower fraction of silt and clay and a higher fraction
of sand. The disturbed sites have recovered to some extent in the old disturbed sites—L21
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and L26 (Figure 5). The reclamation is slow due to long–term significant effects of the
landslides. The texture of soils at disturbed sites varies from sandy (L6) to sandy loam (L26),
and was sandy clay loam at the reference site.

Remoulding and disintegration of clays and silts during landslides reduces structure
and porosity and increases the density of soil. The present study showed the gradual
increase in MC and TP content and the decrease in bulk density and particle density with
increasing landslide age in the upper soil layer. The high moisture content might be due
to the fact that vegetation increases with the passage of time and, hence, the evaporation
of soil water decreases and the soil retains high water content. However, the reduction in
bulk and particle density might be due to higher biological activity and litter accumulation
underneath the vegetation cover with time [24,32,70] revealed that MC and TP were lower
at landslide–affected sites than in the non–affected sites. Conversely, bulk and particle
density were higher in the affected sites, which results in more compacted and drier soil.

Soil chemical characteristics also altered prominently, due to the occurrence of land-
slides, the soil pH, which tends to decrease with the age of landslides. There exists a
significant difference between the landslide–affected sites and the reference site (Figure 5).
Soils in the disturbed sites (especially in young landslide sites L6 and L16) have higher pH
as compared to the reference site, due to less weathering and leaching, which may limit the
availability and utilisation of nutrients. Similarly, Ref. [71] found higher pH in three recent
landslides in Southeast Alaska.

Regarding variations in other soil chemical properties, most of the authors have
reported lower concentration of soil organic carbon (SOC), soil organic matter (SOM) and
nutrients (available N, P and K) in soils of recent landslides as compared to undisturbed
soils because lower surface soil has lesser amounts of SOC and available nutrients that get
exposed and reallocated to the surface [19,20,22,72–74]. Similar results were also obtained
for the Uluguru Mountains in Tanzania by [75], who found lower OC and clay fraction
inside landslides compared to undisturbed soils seven years after the occurrence of a
landslide. Lower concentrations of AP in landslide–affected sites as compared to reference
sites was also observed by [76,77]. The concentration of SOC here exhibits the initial stage
of soil quality restoration.

In young landslide sites, the SOC concentration does not exceed 1%, which is a
significance of preliminary restoration of soil quality. Ref. [78] mentioned that soil organic
matter is crucial for the early stages of pedogenesis, i.e., soil formation and restoration
of ecosystem services in post–mining areas. Ref. [20] also reported that in landslides in
Poland, during the initial stages of recovery of the soil, the concentration of OC was less
than 1%.

Considering nutrients (MN, AP and AK), significant differences are observed in all
the sites, but there is an exception in the case of mineralisable nitrogen (MN) where a
significant difference between the oldest site (L26) and the reference site is not observed
(Tukey’s HSD, p < 0.05). Mineralisable nitrogen (MN) shows a remarkable increase and
reaches to about 96% of the reference site. The rapid growth of early colonisers, and the rise
in soil temperature due to the removal of fertile soil and vegetation after the disturbance,
increase the biological activity and rate of mineralisation. These could be possible reasons
for the significant increase in the concentration of MN in the old sites (L21 and L26). Similar
observations were also reported by [74,79,80].

Available P and K recovered to about 82–87% of the reference (undisturbed) site. These
variations in soil quality may be due to the decomposition of plant litter andresidues
which are the main source of nutrients, especially OC and nitrogen. The concentrations of
nutrients in the soil are highly influenced by vegetation. Plants provide the organic matter
in the form of dead debris and root secretions. The increase in concentrations over time
may also be due to the weathering of primary minerals and the deposition of colluvial
material. Ref. [72] found that in the Kumaun Himalayas the concentration of various soil
properties increased with the progression of succession and age of landslides. Ref. [19]
also noticed that the recovery of topsoil characteristics on landslip scars on an erodible
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siltstone soil in New Zealand was predicted to reach about 80% of those on non–slipped
sites. Similar results are observed in the present study as well regarding the recovery of
nutrients, viz., AP, AK and MN.

On comparing all the disturbed sites, a significant difference has been observed among
all the studied sites (Tukey’s HSD, p < 0.05), which signifies that the concentration of
organic carbon and nutrients replenishes with the passage of time with an increase in soil
quality. According to [81], in the reference site the concentration of SOC and nutrients
demonstrated an increasing pattern due to lower tree density, decreased growth rate of
vegetation, limited return of plant litter and relatively low absorption that facilitates the
accumulation of soil nutrients in forests. Temporal variations in the different properties of
soils in landslide–affected sites have been reported by various other researchers also for
organic carbon (OC), available nitrogen (AN), available P (AP), exchangeable basic cations
and soil texture [19,21,72,73].

In the restoration of soil quality, SOC plays a key role and also has positive effects on
other physical [82] chemical [83] and biochemical properties [84,85], which in turn can be
used as a valuable indicator for the assessment of soil quality [19,20]. The restoration of
many soil properties follows similar trends and, if resources are limited, then SOC, AP and
clay alone could provide adequate measures to assess soil quality and soil development [19].
In addition, Ref. [86] studied the ecological significance of forest age in the functional
interpretation of a selected SQI in the Tropical Mountain Cloud Forest (TMCF) of Mexico
and the results demonstrated that soil organic carbon, pH and available phosphorus are
important evaluation indicators.

The mean values of SQI scores showed significant differences between all the sites,
which indicates the huge variations in terms of soil quality in the landslide disturbed sites
and the reference site. The SQI observed was in the sequence MF > L4 > L3 > L2 > L1. Due
to steep slopes and the absence of vegetation in disturbed sites, soil nutrients are easily
leached out as the landslide sites have less ability to restrict the water infiltration.

5. Conclusions

The present study has demonstrated the impact of landslides on soil quality in the
Garhwal Himalayas, Uttarakhand. The study highlighted that landslides have a prominent
negative effect on soil quality. The results demonstrated the obvious changes in soil
characteristics along the chronosequence of landslides. In young landslide sites, the SOC
concentration does not exceed 1%, which is a significance of preliminary restoration of
soil quality. The soil quality recovers much faster during the initial phase of succession
with chemical characteristics recovering comparatively faster than the physical properties.
Although the soil quality of the affected sites has not reached to the pre–disturbance level,
the concentration of nutrients in the 26-year-old site (L26) is comparable to the reference
site. Therefore, it can be considered that more than 26 years are required for the complete
recovery of soil nutrients.

SOC, AP and clay were selected as the MDS based on the results of PCA, which
indicated that these parameters can be considered as an indicator of variations in soil
quality if resources are limited. In addition, soil organic matter (SOM), which in turn
is formed from SOC, can also be considered as an important indicator for soil quality
assessment.

Lower nutrient levels (oligotrophic conditions) prevail in the young or recent land-
slides, which could be more problematic for restoration of soil and vegetation; however,
the variations in the concentration of SOC and other nutrients observed between the stud-
ied sites make it more difficult to predict which specific nutrient may become limiting at
any particular location. Therefore, insights from site–specific, long–term chronosequence
studies are required.

The results of the study may provide insight about the suitable measures which should
be taken to promote reclamation of disturbed areas in order to speed up the process of
natural recovery based on the local climatic conditions. It may be concluded that the
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improvement of soil quality, especially in terms of soil nutrients, should be accentuated in
the process of recovery and restoration in landslide–disturbed areas.
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