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Abstract
Bedrock landslides are the primary agent of hillslope erosion, and mass wasting, and an essential source of sediment flux to 
the fluvial network in the mountainous terrain, in particular, in the Himalayan mountain belt. To understand the character-
istics of the landscape, we calculate geomorphic matrices including the topographic variables, longitudinal and topographic 
swath profile, channel steepness index, and stream length gradient index to analyze the spatial distribution of landslide 
occurrences over landscape evolution. The intensity of rainfall gradient and topographic variables were spatially correlated 
with the erosion and exhumation rates of the studied catchment. Our analysis suggests that the zones with slope ranges of 
24°–28°, relief ranges of 800–1000 m, and elevation ranges of 1500–1700 m, which coincide with the rainfall intensity range 
of 2500–2700 mm/year in the Teesta river catchment, have the highest probability of frequently occurring landslides. Higher 
tectonic activity is principally responsible for the landslide over the Higher Himalaya to the north of the Main Central Thrust 
(MCT)–Main Boundary Thrust (MBT) along the orographic barrier. In contrast, litho-tectonics regulates and mostly triggers 
landslides adjacent to the MCT–MBT structural affinity dominated by rainfall intensity. Our observation suggests that ero-
sion rates frequently exceed long-term exhumation rates and are spatially more variable. Moreover, they exhibit significantly 
divergent spatial patterns, which suggests that the processes governing these rates are independent. Exhumation rates have 
been shown to decrease from south to north over geological periods, rising in the southwest region at ~ 1.2 mm/year and 
decreasing to ~ 0.5 mm/year in the northernmost region of the Teesta catchment. Long-term exhumation rates are not cor-
related with geomorphic or climatic variables. The highest apparent erosion rates (5 mm/year) are seen in the catchment that 
crosses the MCT Zone, however, these rates appear to have been severely impacted by recent landslides. Conversely, changes 
in rainfall rate do not appear to significantly impact either rate of long-term exhumation or erosion in the Teesta catchment.

Keywords  Landslides distribution · Rainfall gradient · Topographic variables · Landscape evolution

Introduction

Landslides are a common occurrence in the tectonically 
active mountains and have an effect on how the landscape 
evolves (Korup et  al. 2007, 2010). According to many 
authors (Koons 1989; Montgomery et al. 2001; Korup et al. 
2010), the topographic development of mountain belts 
can be viewed as a competition between tectonic fluxes of 

material into the orogen, modulated by geodynamic pro-
cesses such as crustal faulting or lithospheric deformation, 
and erosional fluxes of material out of the orogen, modulated 
by Earth surface processes (Korup et al. 2007). In an active 
mountain belt changes in local relief have even less effect 
on regulating landscape-scale erosion rates, while erosion 
rates adjust to high rates of tectonically driven rock uplift 
primarily through changes in the frequency of landsliding 
rather than hillslope steepness (Montgomery and Brandon 
2002). Landslides, which contribute to mountain erosion 
by moving debris from slopes to valley bottoms, are fre-
quently influenced by tectonics, climate, and anthropogenic 
activities (Kumar et al. 2021; Gupta et al. 2022). On a local 
level, landslides are acknowledged as being significant 
agents of mass wasting and hillslope evolution; however, 
it is unclear how much of an overall influence they play in 
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the development of mountainous topography (Korup et al. 
2010).

In the Himalaya, lithology, structural characteristics and 
rainfall intensity have a significant impact in the develop-
ment of landslides (Jamir et al. 2020). According to Gupta 
et al. (2017), the main natural factors are an increase in 
extreme rainfall events and concentrated flash flooding, 
especially during the monsoon season. The frequency and 
size of landslides, as well as the events connected with mass 
movement, have, however, multiplied in recent years across 
the Himalayan terrain (Gupta et al. 2022). Approximately 
15% of India’s landmass is vulnerable to various land-
slides, which are primarily located in the Himalayan region 
(BMTPC 2003). For the country as a whole, a reasonable 
estimate of the financial loss is in the range of $20 mil-
lion USD each year at 2011 pricing, which is about 30% of 
the overall damage caused by landslides worldwide (MHA, 
Govt. of India, 2011). It is important to note that landslides 
in the Himalaya do not occur randomly but rather only in 
specific areas designated as hotspots for landslides (Gupta 
et al. 2022). Landslides generated by bedrock transport sig-
nificant amounts of sediment and impact landscape. How-
ever, the interactions between fluvial systems and debris 
produced by landslide, which collectively control the evo-
lution of large-scale landscapes, are not well understood 
(Campforts et al. 2022). The Teesta catchment in the eastern 
Himalaya is known for its frequent and catastrophic land-
slides (Anbarasu et al. 2010; Bhasin et al. 2002). Despite 
the fact they are frequently driven on by earthquakes or even 
the monsoon season (Bhasin et al. 2020; Singh and Singh 
2016; Weidinger and Korup 2009), their spatial distribution 
suggests that local factors are all in responsible for their 
occurrence. These regions also lie in the seismic Zone IV, 
the second-highest seismic zone on the Seismic Zonation 
Map of India (BIS code 2002), suggesting high vulnerability 
to hazard. The present study aims to characterize the spatial 
landslides occurrence over the topography and climatic vari-
ables and understanding their role in landscape evolution 
process across the Teesta catchment in eastern Himalayas.

Regional seismo‑tectonic setting

There are numerous significant north-dipping faults that 
divide different geological domains in the Himalayan moun-
tain region (Hodges 2000; Yin 2006). The South Tibetan 
Detachment (STD), Main Central Thrust (MCT), Main 
Boundary Thrust (MBT), and Main Frontal Thrust (MFT) 
are these (BIS code 2002), in that order having decreasing 
initiation ages from north to south (Yin 2006). The Tethyan 
Sedimentary Sequence (TSS), a sedimentary succession 
from the Palaeozoic to the Eocene that was deposited on the 
Indian passive margin, is found in the northernmost region 
(Liu and Einsele 1994). The Greater Himalayan Sequence 

(GHS) and the TSS are separated by the extensional STD, 
which was active in the Early-Middle Miocene (Burch-
fiel et al. 1992; Kellett et al. 2013). In Sikkim Himalayas, 
between two branches of the MCT, lies a heavily sheared 
zone known as the Main Central Thrust Zone (MCTZ) 
(Bhattacharyya and Mitra 2009; Kellett et al. 2014). The 
Lesser Himalayan Sequence (LHS), which is exposed in 
the Teesta tectonic half-window, is made up of greenschist-
facies meta sedimentary rocks and is found in the footwall 
of the MCTZ (Abrahami et al. 2016). High-grade metamor-
phic rocks from the GHS and MCTZ emerge south of the 
Teesta half-window and are exposed up to a few kilometres 
from the mountain front in the Darjeeling klippe (Mitra 
et al. 2010). The Main Boundary Thrust (MBT), which is 
made up of distorted Mio-Pliocene foreland catchment sedi-
ments from the Siwalik Group, forms the southern boundary 
of the LHS and divides it from the Sub-Himalaya (Mukul 
2000). The active Main Frontal Thrust (MFT), which forms 
the contact between the Siwalik Group and the Quaternary 
deposits of the Ganga–Brahmaputra plain, is the Himalaya’s 
most exterior thrust. Over the past thousand years, it has 
hosted several significant surface-breaking earthquakes. The 
majority of the moderate earthquakes (Mw > 4.5) that have 
been detected in Teesta catchment have had frequent epi-
centres and have occurred between the MBT and the MCT 
(Hazarika and Ravi Kumar 2012; Mukul 2010). Based on 
these findings, Mukul (2010) hypothesises that out-of-
sequence deformation in a sub-critical wedge, localised in 
the Lesser Himalaya, can explain the active tectonics of the 
Teesta catchment in eastern Himalayas (Fig. 1).

Regional geomorphic setting

Transects through the Himalaya demonstrate two distinct topo-
graphical and rainfall patterns: (i) a more or less linear increase 
in elevation and relief accompanied by a single peak of rain-
fall close to the mountain front; or (ii) a significant increase 
in elevation and relief around the MCTZ, accompanied by a 
double peak of rainfall, one at the mountain front and the other 
at the locus of the steep topographic gradient (Bookhagen and 
Burbank 2006, 2010). The Teesta catchment acts as a nexus 
between the central and eastern Himalayan landscape. As a 
result, a single peak of rainfall along the eastern mountain 
front divides into two bands further west. Two bands of rain-
fall, each exceeding ~ 5 (m/year) along the southern edge of the 
LHS and ~ 6–7 (m/year) coincident with the MCTZ north of 
the Teesta half window, are plainly visible on a transect across 
the Teesta catchment (Bookhagen and Burbank 2006, 2010; 
Abrahami et al. 2016) (Fig. 1). Teesta is one of the Himalayan 
bedrock river having a significantly convex shape and three 
significant knick-zones (Brookfield 1998). Near the boundary 
between Sikkim and Tibet, at an elevation of 5320 m, Lamo 
Cho serves as the source of the Teesta river. Before bending 
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south and crossing through the Sikkim Himalaya, the Teesta 
river travels westward with a fairly low gradient for about 
20 km. Only 150 m above sea level, 200 km downstream, the 
river traverses the Himalayan mountain range before joining 
the Brahmaputra in Bangladesh. It has created a fluvial mega-
fan in the foreland known as the Teesta megafan throughout 
the Quaternary (Chakraborty and Ghosh 2010). The Teesta 
river catchment has an asymmetrical drainage pattern, with 
many short tributaries to the east and many longer ones with 
bigger drainage catchments that considerably contribute to the 
flow of the main Teesta river. Around the Kanchenjunga mas-
sif, western tributaries drain severely glaciated terrain with 
significant snowfields (8586 m). As opposed to the western 
tributaries, the eastern tributaries come from considerably 
smaller, semi-permanent snowfields. The 8000 km2 catch-
ment is made up of around 250 km2 of permanent snowfields 
and glaciers, and seasonal melting greatly affects the Teesta 
River’s average annual discharge (Krishna 2005). The Teesta 
catchment across the eastern Himalayan landscape frequently 
experiences landslides (Basu and De 2003). Both pre dispos-
ing elements, such as geology, slope, or glacial debuttressing, 
and either rainfall or seismic triggering can be implicated in 
these mass-movement occurrences. With the exception of road 
construction in north Sikkim, human development appears to 
have increased the frequency of landslides (Mehrotra et al. 
1996). In the field, we discovered that the MCTZ and the steep 
gorges in the northernmost catchments are where landslides 
are most frequently found.

Materials used and methodology

In order to minimise null-error, we resampled the data using 
ArcGIS’s “elevation void fill function” after processing open 
source satellite-derived Shuttle Radar Topographic Mission 

(SRTM)-30 m; (http://​srtm.​csi.​cgiar.​org/) spatial resolution 
topography datasets for landscape characterisation (Leh-
ner et al. 2008). We extracted the drainage network and 
drainage divide of the Teesta river systems in the Sikkim 
Himalaya using the D8-algorithm (O’Callaghan and Mark 
1984), taking MFT as a base level. To understand its role 
in the process of regional erosion, rainfall data for the past 
21 years (2001–2021) has been obtained from (NASA–LP 
DAAC open source site) monthly datasets with 0.1° spa-
tial Resolution from the Global Precipitation Measurement 
(GPM). Landslide inventory spatial datasets are obtained 
from Geological Survey of India's Bhukosh portal (http://​
bhuko​sh.​gsi.​gov.​in/), whereas earthquake spatial datasets 
can be taken from the NASA-USGS open source platform 
(https://​earth​quake.​usgs.​gov). From previously published 
literatures, the geology, tectonic characteristics, and geo-
graphic location of denudation rates and exhumation rates 
of the Teesta river catchment are compiled (SM1; Abrahami 
et al. 2016) (Table 1).

In the present study, we used elevation data to calculate 
topographic attributes such as slope and relief and spatial 
analysis of seasonal and annual mean rainfall using ArcGIS. 
Due to the regional context of the present study, the relief 
map is produced by passing a 900 m rectangle radius focal 
range window, and the slope map is produced by passing a 
500 m radius mean filter over the slope model from the DEM 
(Jaiswara et al. 2019a, b). Using the “extract multi values to 
a point” function in ArcGIS, the geographic distribution of 
landslide points over topography variables such as elevation, 
slope, and relief as well as climatic attributes such as rain-
fall gradient are extracted. In order to determine the high-
est probability density frequency for the spatial landslides 
occurrences over the topographic and climatic variables 
in the studied bedrock river catchment, the extracted grid-
ded value datasets are further analysed through statistical 

Fig. 1   The topography of the Himalaya–Tibet system overlaid with the Teesta river catchment (black) along with major river catchments bound-
aries (location map)

http://srtm.csi.cgiar.org/
http://bhukosh.gsi.gov.in/
http://bhukosh.gsi.gov.in/
https://earthquake.usgs.gov
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analysis. Transient-Profiler and TopoToolbox are used in the 
MATLAB platforms for the quantitative landscape model-
ling using geomorphic indices from Digital Elevation Mod-
els (Jaiswara et al. 2019a, 2020; Schwanghart and Scher-
ler 2014). For the landscape characterization, the Teesta 
catchment is divided into five sub-catchments, namely 
S1–S2–S3–S4–S5. Using the following proxies, we evaluate 
the spatial interrelationship of the regional landscape with 
the factors that influence the occurrence of landslides in the 
Teesta river catchment (Fig. 2) (Bull 2008).

Topographic distribution: hypsometric integral (Hi) 
(Keller and Pinter 1996), slope frequency and swath 
profile

The hypsometric integral (Hi) in a drainage catchment rep-
resents the relative distribution of elevation in a given sec-
tion of the landscape (Strahler 1952). Since the Hi describes 
the percentage of the region below the hypsometric curve 
that indicates the volume of a catchment that has not been 
eroded, it serves as a stand-in for the catchment’s maturity 

stage (Strahler 1952). For the studied catchment, we derive 
slope frequency and hypsometry curves to describe the spa-
tial heterogeneity in the erosional response with regard to 
the base level. The spatial variability of the landscape is 
defined by these fundamental parameters, which also aid in 
determining the variance in the regulating elements (Strahler 
1952; Schumm 1979).

where Hi is the hypsometric integral and hmax, hmin, and 
hmean are, respectively, the highest, the minimum, and 
the mean elevation. Therefore, a high hypsometric integral 
denotes a young or youthful stage of a landscape, whereas 
intermediate to lower values suggest an older or mature stage 
as the landscape is being eroded (Strahler 1952).

We used swath profiles, which combine spatial elevation 
data into a single profile, to evaluate regional landscape 
variation with tectonic and erosional features (Andreani 
et al. 2014). As opposed to conventional profiles, where 
topography is taken from a single line, this method uses 

(1)Hi = (hmean − hmin)∕(hmax + hmin)

Table 1   Materials used and data 
source

Data used Name Type Resolution Source

Topography SRTM Raster 30 m SRTM-CGIAR
Precipitation GPM Raster 0.1° NASA-LPDAAC​
Landslides Inventory Landslides points Vector – GSI-Bhukosh
Geology Lithology structure Vector – GSI-Bhukosh
Earthquake location Earthquake distribution Vector – NASA-USGS hazard portal

Fig. 2   Methodological flow chart
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a rectangular swath. Then, statistical parameters (often the 
maximum, minimum, and mean elevations) are determined 
using elevation data projected onto a vertical plane parallel 
to the long axis of the swath rectangle. The valley floors are 
represented by the minimum elevation curve. Calculating the 
arithmetic difference between the maximum and minimum 
elevations provides a rapid estimation of the incision.

Geophysical relief: minimum eroded rock column

The geophysical relief of a region calculates the minimum 
cumulative eroded column in a landscape under the assump-
tion of a hypothetical pre-incision surface, which is obtained 
by extrapolating the elevation from the current drainage 
divides to the corresponding riverbed under the presumption 
that erosional processes have no impact on drainage divides 
(Abbott et al. 1997; Small and Anderson 1998; Brocklehurst 
and Whipple 2002). To comprehend long-term erosion local-
isation throughout the examined river catchment, the spatial 
variability of the geophysical relief has been correlated with 
the Normalized steepness index (Ksn) and previously docu-
mented denudation rates.

River profile analysis

Stream‑length gradient index (SL‑profile)

A sensitive indicator for analysing the reach scale variability 
of tectonic function, rock resistance, and topography is the 
stream length-gradient index. Rivers that flow across differ-
ent types of material, such as rocks and soils, tend to reach 
equilibrium with particular longitudinal profiles and hydrau-
lic geometries (Hack 1973; Bull 2007). In a river catchment, 
it can be used to determine the relative tectonic activity (Kel-
ler and Pinter 2002; Whittaker et al. 2007).

SL index has calculated using the formula followed by 
Keller and Pinter (2002):

where, L is the total river length from the midpoint of the 
chosen reach whose index is calculated, to the highest point 
on the channel, ΔH/ΔL is channel slope or gradient of the 
reach in which ΔH is a change in elevation for a particular 
channel of the reach with respect to ΔL which represents the 
length of the reach.

Knickpoint identification

The continuous breaks in the linear pattern in the log scal-
ing relationship between drainage area and slope gradi-
ent is defined as the slope-break knickpoints (Kirby and 

(2)SL = (ΔH∕ΔL)∕L

Whipple 2012). It indicates the continuity break in the 
longitudinal river profile, where the upstream segment 
represents the Uplift–Erosion (U–E) of the current tran-
sient regime, while the downstream portion represents the 
previous U–E setting (Whipple et al. 2013). These knick-
points formed due to the change in the base level and driv-
ing the fluvial system from one steady state to another 
(Wobus et al. 2006).

Steepness index: slope‑area analysis

The shape of the river profile largely determines the topo-
graphic relief of the erosional landscape. A normalised steep-
ness index (Ksn), which allows for a fair comparison across 
the catchments despite their drastically varied areas, was 
calculated using the reference concavity (ref) (Wobus et al. 
2006). The power law relationship between the local channel 
slope (S) along the river profile segment and the related con-
tributing drainage area (A) may be used to depict the steady-
state graded profile that rivers often have (Flint 1974):

where ks = [U/K] 1/n is the channel steepness index, θ = m/n 
is the channel concavity index, m and n are positive con-
stants, U is the rock uplift rate [erosion rate (E) at a steady 
state], and K represents the bedrock strength and/or climate. 
According to Wobus et al. (2006) and Kirby and Whipple 
(2012), a normalised steepness index (Ksn) was calculated 
at the reference concavity (θref) 0.45, allowing a fair com-
parison across all sub-catchments despite their significantly 
different areas. This θref was used to calculate the regional 
Ksn of the river catchment.

Results

Among the Himalayan river systems, the Teesta is unique 
as a fully developed ~ > 400 km long seventh-order drain-
age originates from a glacial lake at ~ 6000 m in the Tibetan 
plateau enters the Himalayan terrain as antecedent channel 
cutting across the seismically active mountain belt without 
any lateral deviation. In the Himalayan terrain, the river 
passes through three major fault systems namely, the MCT, 
MBT, and MFT, forms multiple loops parallel and trans-
verse to the regional structural trend before debouching to 
the Brahmaputra plains at ~ 50 m elevation, which affected 
the Himalayan tectonics and topography. The Teesta catch-
ment receives focused rainfall along the neotectonically 
active Sub Himalayan mountain front, thereby making it an 

(3)S = ksA
−�
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ideal case for exploring the spatially varying interaction of 
rainfall-driven erosion processes with the setting (Fig. 3).

Landslides distribution over landscape 
characterization

Due to its higher relief variation, slope gradient, and topo-
graphic ruggedness, the Teesta catchment experiences more 
landslides compared to any other catchment in the eastern 
Himalayas. The spatial distribution of bedrock landslides 
in the studied catchment shows the spatial heterogeneity 

of tectonics and climate linkage in regulating surface pro-
cesses. To understand its significance in the landscape 
evolution, we examined the distribution of landslides as a 
function of the erosion process at the catchment scale. The 
characteristics of spatial distribution indicate that the areas 
with the highest probability density frequency of landslides 
occurring are those that have slopes range ~ 24°–28°, relief 
range ~ 800–1000 m, and elevation range ~ 1500–1700 m, 
which tends to fall within the ~ 2500–2700 mm/year range 
of rainfall erosivity region (Fig. 4).

Fig. 3   a Regional topographic and seismotectonic setting of Teesta 
catchment overlaid with major geological structures (MFT main 
frontal thrust, MBT main boundary thrust, MCT main central thrust, 
STDS Southern Tibet Detachment system), sub-catchments (S1, S2, 

S3, S4, S5), earthquake and landslides distribution. b Spatial distribu-
tion of annual mean precipitation pattern along the studied area over-
laid with landslides distribution. c Spatial distribution of topographic 
relief overlaid with landslides distribution across the studied area
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We generated the hypsometric integral (Hi) using 
hypsometric curves and plotted the slope frequency dis-
tribution of the studied river sub catchments in order 
to understand the role of landslides distribution in the 
landscape evolution. With higher Hi values of 0.49 and 
0.57, respectively, the elevated terrain of the Teesta River 
sub catchments S1 and S2 exhibits a youthful landscape. 
A mature landscape can be seen in the sub catchments 
S3, S4, and S5, which have lower Hi values of 0.41, 0.30, 
and 0.33, respectively (Fig. 5b). The higher Hi values 
indicate a greater incision and regeneration of the ter-
rain, which is also evident in the relief and slope pat-
tern. This suggests that erosional interaction with active 
tectonics varies spatially, providing the distinctive spa-
tial variability in the landscape. In order to analyse the 
landscape association with the occurrence of landslides 
in the Teesta river catchments, we exhibited the slope 
distribution pattern of the analysed river catchments, 
which follows a power-law with a bell-shaped slope fre-
quency distribution. The sub-catchments S3, S4, and S5 
in the high relief zone exhibit a Gaussian distribution 
with a mean slope of roughly 25°–30°, indicating greater 
roughness. The mean slope of the sub catchment S1 and 
S2 shows Weibull distribution pattern with mean slope 
ranges 15°–25° (Fig. 5c).

Geomorphic impact of landslides process over river 
profile

The normalised steepness index (Ksn), the slope-break 
Knickpoint, and the SL-Index profile has been used to ana-
lyse the tectonic association and the landscape response in 
the landslide process along the Teesta river profile. We drive 
SL-index and Ksn profile for all five extracted sub-catch-
ments of Teesta catchment and analyze the river gradient 
profile across the landslides occurrence regions. The zone 
of topographic breaks across the active structures clearly 
corresponds to the spike or transition of the SL index and 
Ksn (Kirby et al. 2005). The stream gradient value increases 
along the transverse length of the channel at lower eleva-
tions, while it decreases in segments that run parallel to the 
structural trend or in the zone of abandoned misfit channel 
(Figs. 5a, 6a). The terrain along the swath profile indicates 
that the tectonically active Sub Himalayan front, which is 
also the region of high annual rainfall permitting high land-
scape erosion, has experienced very high incision (Fig. 6b). 
The SL index and Ksn both exhibit the same pattern, 
which may suggest tectonic-climate coupling. The Lesser 
Himalayan region channel segment corresponds closely to 
the structural trend in the region and exhibits progressive 
expansion of relief with low SL index and Ksn (Fig. 6c, d). 

Fig. 4   The Relative Probability Distribution (PDF) of landslides occurrences across a elevation, b slope, c relief, d annual mean precipitation; in 
the studied river catchment
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Although the slope processes in the glacial-fluvial regime 
dominate the landscape gradation, these indices are high 
toward the Higher Himalayan zone in the north. The transi-
tion from the upstream relict segments to the actively incis-
ing downstream segment is marked by major slope-break 
knickpoints along the tributaries of the Teesta river at an 
elevation of 2000–3500 m suggesting fluvial erosion process 
and 4000–5500 m showing glacial erosion process (Figs. 5d, 
7a). The region of high erosion is identified by the knick-
point zone as well as a high Ksn.

It has been observed that the distribution of Knickpoints, 
the frequency of landslides, and topographic relief are all 
associated with the spatial variability of the normalised Ksn 
for the Teesta catchment, which ranges from (0–47) m0.9. 
Higher Ksn values were associated with the spatial distribu-
tion of landsides, which suggests a higher incision regime 
in a region 200 km away from the MCT along the down-
stream. We describe the Ksn values in the quantile distri-
bution, which divide the observation’s range into discrete 
intervals with comparable probabilities. According to the 
Ksn distribution, downstream channel portion of the Teesta 
river catchment have higher Ksn values (~ 47 m0.9), which 
indicates greater dynamic incision, whereas upper channel 
segments have lower Ksn values, which indicates relative 
erosional quiescence. Higher relief ranges are proportion-
ally correlated with high Ksn values along the STDS-MCT 

structural affinity, according to the Ksn values overlaid over 
topographic relief. The Ksn range and topographic relief 
variation suggests that the Teesta catchment has a range 
of characteristics such as, the first one in in the Tethyan-
Higher Himalayan sequence across the STDS-MCT, where 
Ksn achieves its highest values ranges from ~ 11–47 m0.9 
and relief ranges at about (2500–3500 m). Seismicity dis-
tribution in the litho-tectonic setup in this zone indicates 
active tectonic interference, which also acts as the primary 
trigger for the initiation of landslides as a consequence of 
erosion along the downstream segment. Across MBT–MFT 
in the downstream segment, the Ksn intensity and relief both 
decrease toward the lower Himalayan sequence. Landslides 
occur on the northern side of the higher Himalayas over a 
litho-tectonic configuration, and the spatial distribution of 
regional earthquakes there suggests that this is a primary 
driving force for topographic interaction.

Landslides mechanism over landscape evolution

The spatial erosion efficiency is demonstrated by the Ksn 
distribution, and it can be long-term estimated in the form 
of geophysical relief, which calculates the minimum eroded 
column taking the drainage divide into equilibrium state. 
To understand long-term Uplift-erosion localization in 
the Teesta river catchment, the spatial variability of the 

Fig. 5   a Longitudinal river profile of Teesta river along with sub 
catchment tributaries overlaid with major Knickpoint; b hypsomet-
ric curve and hypsometric integral of the studied river catchment and 

sub catchment; c mean slope frequency curve of the studied river 
catchment and sub catchments; d histogram distribution of observed 
Knickpoint across the studied catchment
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geophysical relief has been coupled with the Ksn, Denu-
dation rates, Exhumation rates, and Landslides datasets. 
For instance, the STDS and MCT structural affinity show 
maximum geophysical relief ranging ranges of (3–4) km, 
second along downstream segment of MCT and MBT 

structural affinity ranges of (2–3.5) km, and third along 
MCT–MBT structural association ranges of 3 km. These 
three distinct areas across the Teesta river catchment exhibit 
a characteristics geophysical relief distribution ranges from 
(0–4) km. Maximum erosion is visible in the sub-catchment 

Fig. 6   a Swath profile of the elevation in the Teesta catchment. b Swath profile of the precipitation data in the Teesta catchment. c The trunk 
channel profile of Teesta river plotted with SL-index. d The trunk channel profile Teesta river plotted with Ksn
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S3 adjacent to S4–S5, and it reduces southward to around 
0–200 m along the MFT. We analysed the spatial variation 
as the function of landslides-driven incision to understand 
coupling of landslides dynamics and long erosion that may 
have implications on landscape evolution of the region due 
to the close association of high Ksn-geophysical relief with 
the active structures across the studied catchments (Fig. 7b).

In order to understand the role of bedrock landslides in the 
landscape evolution process, we quantified the spatial inter-
relationship between previously published geochronology 
datasets such as denudation rate and exhumation age in the 
studied river catchment with topographic matrices and rainfall 

intensity. The statistical trend analysis shows that the observed 
erosion rate has a direct linear relationship with slope gradi-
ent, geophysical relief, and rainfall intensity but an inverse 
relationship with topographic matrices. However, the exhuma-
tion rate has a linear proportion relationship with topographic 
variables including elevation, relief, and slope gradient and an 
inverse relationship with geophysical relief and rainfall inten-
sity (Figs. 8, 9). Our observation signifies that the bedrock 
landslides may be the primary contributor to erosion and the 
main source of sediment supply to rivers in the higher to lesser 
Himalayas on geological timescales.

Fig. 7   a Spatial distribution of observed Knickpoint over the slope gradient across studied river catchment; b spatial distribution of geophysical 
relief overlaid with exhumation rates (taken from previously published literatures referred: SM1) of the studied river catchment
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Fig. 8   Spatial interrelationship of erosion rates across; studied catchment with a elevation, topographic relief and geophysical relief; b slope gra-
dient, c precipitation, d AFT age

Fig. 9   Spatial interrelationship of exhumation rates across; studied catchment with a elevation, topographic relief and geophysical relief; b slope 
gradient, c precipitation, d AFT age



	 Environmental Earth Sciences (2023) 82:193

1 3

193  Page 12 of 15

Discussion

Trend analysis of landslides occurrences 
over landscape attributes

The trend analysis of landslides occurrence across Teesta 
river catchment suggests that those regions which have 
influence of Indian Summer Monsoon (ISM) rainfall domi-
nant during June–September months along the southern 
front has a higher frequency distribution of landslides 
occurrence than the region where rainfall intensity is low 
due to the topographic barrier, steeper slope gradient, 
higher relief change and minimum eroded rock column. 
The median trend for landslide occurrences for topo-
graphic variables is in between 1500–1700 m for elevation, 
800–1000 m for relief, and 24°–28° for slope gradient, 
whereas for climatic variables, such as rainfall intensity, it 
ranges from 2500 to 2700 mm/year. In the Higher-Tethyan 
Himalaya regions, clusters of earthquake occurrences are 
associated by active seismicity, raising the possibility that 
these earthquakes could trigger large bedrock landslides 
to occur downstream. Most of the time, earthquakes have 
little impact on the amount of silt that is dumped into bed-
rock rivers downstream during high monsoon seasons. 
Earthquakes can be extrapolated to be a substantial factor 
for initiating bedrock landslides since they are a signifi-
cant factor for bedrock landslides as a result of erosion 
in humid, medium-elevation settings (Bookhagen et al. 
2005). It was also suggested that one of the most impor-
tant hillslope erosion processes in the dry, high-elevation 
portions of the Himalayan terrain is erosion rate, which is 
significantly impacted by orographic lift during the mon-
soon season.

Spatial relationship of tectonic and climate linkage 
in controlling landslides distribution over landscape 
evolution

Fluvial bedrock incision has a significant impact on limiting 
denudation rate process and controlling the relief formation 
of the landscape (Whipple and Tucker 1999; Godard et al. 
2004; Safran et al. 2005). The hillslope growth process often 
acts as a passive regulator of the variation in fluvial inci-
sion rates. The adjoining hillslopes became steeper due to 
an increase in fluvial incision rates, which is countered by 
rapid bedrock landsliding. It appears that as fluvial incision 
rates decline, the relief structure in the downstream seg-
ment will also decrease, further lowering the rates of bed-
rock landsliding on the adjacent hillslopes. The Teesta River 
Catchment’s limiting hillslopes are at the threshold slope 
angle for failure process, and the spatially uniform hillslope 
angles are created by the close geomorphic channel-gradient 

coupling (Burbank et al. 1996; Harvey 2002). Despite sig-
nificant gradients in uplift rates, rainfall intensity, erosional 
efficiency, and lithological settings, the slope distribution 
of the examined catchment is astonishingly consistent, with 
the exception of sub-catchment S1–S2. The presence of such 
optimal hillslopes indicates that drainage density, rather than 
fluvial incision rates or rock uplift, determines the local 
topographic relief (Burbank 2002). Therefore, considering 
complete geomorphic connection between stream networks 
and slope gradient, the fluvial incision would serve as the 
rate-limiting process, controlling the sediment transport in 
the non-glaciated landscape (Whipple and Tucker 1999).

Recent research suggests that the rates and patterns of 
denudation over the Himalayan region are controlled by 
tectonic-induced climate factors (Hodges et al. 2001, 2004; 
Burbank et al. 2003; Scherler et al. 2014). According to 
our analysis, there should be an inverse functional relation-
ship between the variability of denudation rates and the 
exhumation rate in the Teesta catchment, as well as a lin-
ear functional relationship between rainfall intensity and 
denudation rates. Therefore, we conclude that the linear or 
inverse functional relationship between topographic vari-
ables, rainfall intensity, and exhumation rate can be linked 
to tectonic influence or lithological interference. It is also 
thought that a range of factors contribute to the variation 
in denudation rates and the link between denudation rates 
and topographic or climatic variables at the catchment 
scale, which is a significant parameter in understanding 
the dynamics of landslides in landscape evolution. In the 
given tectonically active and climatically varied catchment, 
the observed relationship between denudation rates, slope 
gradient, and topographic variables is linear, with denuda-
tion rates and exhumation rate is inversely proportional to 
increased topographic steepness. Given that bedrock land-
slides as a function of erosional proxy allow landscapes to 
become steep as a function of denudation rate, rising linear 
functional connections in the Himalayan catchment dem-
onstrate this. The linear relationship between topographic 
steepness and topographic relief and geophysical relief may 
change due to a change in the relative strengths of topo-
graphic optimal slope failure rates (Burbank et al. 1996). 
The topography will be adequate to continue the steepness 
process to a greater level as denudation rates increase along 
the downstream segment, but it will also be susceptible to 
slope failure as the optimum slope angles are reached earlier 
as denudation rates rise. Our results indicate a linear pro-
portional relationship between the channel steepness index 
and denudation rates, with landslides occurring more fre-
quently as channel steepness rises in response to associated 
slope gradient and denudation rates. In order to provide 
surface runoff for catchment erosion efficiency, the find-
ings also suggest that for regions with the lowest rainfall 
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rates, the mean denudation rates trend coincides linearly 
with the mean exhumation age trend. The highest denuda-
tion rates should be linked to high rainfall intensity, such as 
in the Indian summer monsoon period, if rainfall intensity 
affects the efficiency of erosion along a strike. Although 
it is thought that the mean annual rainfall may not be the 
primary determinant of how rainfall intensity affects the 
spatial variability of denudation rates. It has been proposed 
that erosion efficiency in bedrock terrain is modulated by 
the spatial variability of rainfall intensity over the seasonal 
distribution (Lague et al. 2005).

Conclusion

The present study concluded that the spatial distribution of 
bedrock landslides occurrence over the controlling attributes 
such as topographic and rainfall variables show the high-
est probability of frequent landslides occurrence lies in the 
zones with ~ 24°–28° of slope range, ~ 800–1000 m of relief 
range, in 1500–1700 m elevation range, which coincides 
with the rainfall erosivity range of ~ 2500–2700 mm/year 
across the Teesta river catchment. We examined the rela-
tionship between the variability of erosion rates and topog-
raphy variables, rainfall intensity, and exhumation rate over 
the Teesta river catchment to demonstrate the importance 
of topographic-climate coupling in moderating the vari-
ability of erosion rates. We observe an inverse functional 
relationship between the pattern of denudation rates and the 
variables determining the distribution of bedrock landslides, 
such as topographic matrices and rainfall intensity, and a 
direct proportional relationship between the two. Our anal-
ysis demonstrates the significance of spatial interrelation-
ship of tectonic and climatic linkage in understanding the 
interaction between bedrock landslides induced landscape 
evolution in a tectonically active and highly dynamic orogen 
such as the eastern Himalaya. Further, in a highly active and 
dynamic orogen, the link between erosion rates and topo-
graphic variables is controlled by bedrock landslides and 
annual mean rainfall. As mean annual rainfall increases, the 
degree of linearity in the relation between denudation rate 
and topographic variables such slope gradient, topographic 
relief, geophysical relief, and Ksn increases. The results of 
our analysis demonstrate that topography and topographic 
steepness have a stronger linear relationship with changes in 
denudation rates in the lesser Himalayan sequence than in 
the higher to Tethyan Himalayan sequence. Our understand-
ing of how these important earth surface processes interact 
globally will be greatly improved by future investigations on 
how these bedrock landslides' occurrence influences vari-
ations in erosion rates and topographic change in various 
tectonic setups. Understandinghow landslides affect topog-
raphy will help us better understand the interactions between 

the variables influencing long-term landscape evolution and, 
ultimately, reducing landslide risk.
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