
Vol.:(0123456789)

 Discover Environment           (2024) 2:105  | https://doi.org/10.1007/s44274-024-00131-4

Discover Environment

Research

Application of fallout radionuclide—137Cs for estimating soil erosion 
in steep hillslopes with diverse land use of North‑western Indian 
Himalayas

Suresh Kumar1 · Anu  David Raj2,3 · Sankar Mariappan4 · Justin George Kalambukattu2 · K. R. Sooryamol4 · 
R. P. Singh5 · M. Madhu4 · N. Karunakara6

Received: 12 May 2024 / Accepted: 23 July 2024

© The Author(s) 2024    OPEN

Abstract
Hilly and mountainous regions are significantly impacted by soil erosion, primarily due to rainfall-runoff processes occur-
ring on the hillslope scale. Assessing soil erosion is crucial for quantifying the loss of soil carbon and nutrients, which 
diminishes the potential of soil ecosystem services and is critical for mitigating the impacts of climate change on food 
security. However, the Himalayan landscape poses serious challenges for assessing soil erosion due to its steep and rug-
ged terrain, which hinders the use of conventional and modelling methods. The fallout radionuclide—137Cs has been 
extensively utilized as an environmental marker for investigating soil redistribution processes. Despite its potential, 
there is a notable lack of 137Cs-based soil erosion studies in the Himalayan region. In this context, we assessed the appli-
cability of the fallout radionuclide—137Cs method in quantifying soil erosion rates and identifying erosion hotspots on 
two hillslopes of the Higher Himalayas. On the hillslope scale, we observed that soil erosion rates vary based on slope 
gradient and land use/land cover. Forested areas exhibited the lowest soil erosion rates compared to cultivated areas, 
while flat hillslope positions experienced lower erosion rates than steeper positions. The average net erosion rate for the 
Harsil hillslope varied among different hillslope positions, ranging from – 2.9 to – 15.6 t ha−1 yr−1. Similarly, in the Gang-
nani hillslope, the net erosion rates varied across different positions, ranging from – 5.6 to – 39 t ha−1 yr−1. Our findings 
confirm that the middle and lower hillslope positions are the most critical source areas with higher soil erosion rates, 
while hillslope positions with forest cover demonstrate the lowest erosion rates, identified as helpful in controlling soil 
erosion. The study has demonstrated the applicability of FRN as a soil erosion measurement method in the complex, 
rugged, and steep terrain of the Himalayas, highlighting the need for targeted conservation efforts to mitigate soil ero-
sion and preserve ecosystem integrity.
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1  Introduction

Soils play a vital role in supporting life on Earth (life on land—SDG 15) and are indispensable for the functioning of 
ecosystems, as well as for climate change mitigation and adaptation (climate action—SDG 13). Soil erosion caused by 
water poses a significant threat to soil functionality, resulting in a decrease in soil quality and sustainable crop produc-
tion [1]. In the hilly and mountainous regions, soil erosion is accelerated by unsustainable human activities (intensive 
agriculture and deforestation), steep slopes, and high-intensity rainfall (climate change). Soil erosion can significantly 
contribute to the increased release of stored soil carbon, leading to CO2 emissions. This influences global warming and 
climate change, ultimately affecting ecosystem services [2]. Consequently, it evolves into a major global agro-ecological 
concern that influences socio-economic and political decision-making. Hence, appropriate conservation measures and 
land use planning need to be implemented to mitigate the adverse impacts resulting from it.

The Himalayan region is commonly known as Asia’s water reservoir, with approximately 1.5 billion individuals inhabit-
ing the river basins downstream from this mountain range [3]. However, the Himalayas, being young and fragile moun-
tain range composed of weak and unstable formations, are particularly vulnerable to soil erosion [4]. Inadequate land 
management practices further exacerbate soil erosion in the hilly and rugged regions of the Himalayas [5]. Significantly, 
the Himalayas have been reported to exhibit exceptionally high soil erosion rates,  ranging from 20–25 t ha−1 yr−1 to 
reaching as high as 92 t ha−1 yr−1 in various regions [6–9]. Thus, rivers in this region transport substantial quantities of 
sediments and soil nutrients to reservoirs and oceans [10]. Numerous global-scale studies [11, 12] have also underscored 
the Himalayas as a major global hotspot of soil erosion. Moreover, future climate change scenarios predict increased 
rainfall, which may further exacerbate soil erosion in the Himalayas [7, 13].

The sustainable utilization of mountain resources depends on the conservation and responsible management of soil 
and water resources [14]. Reliable information on soil erosion rates and a comprehensive understanding of erosion pro-
cesses are prerequisites for developing effective natural resource management plans. However, the absence of gauged 
watersheds poses significant challenges in comprehending hydrologic processes [15]. In addition, modelling methods 
suffer from limited resolution and static observations, impeding spatial assessment and the identification of erosion 
hotspots [12, 16]. Furthermore, they have several limitations in terms of operational problems and the substantial need 
of resources for their spatial and temporal coverage [17]. The Himalayan region has been largely ignored in measurement 
studies due to its rugged and inhospitable terrain conditions [13, 18]. This may have caused a significant lack of field 
measurement studies on soil erosion in the Himalayan region [19]. The complex, rugged, non-uniform steep slopes of 
the Himalayas make it difficult to conduct runoff/erosion plot studies. Modeling could fail on slopes greater than 50%, 
reducing the reliability of conventional and modeling methods in the Himalayas. According to Wischmeier and Smith [20], 
the USLE model stipulates that the calculation of the LS factor relies on slopes between 2 and 18%, as well as plot/field 
sizes ranging from 30 to 300 feet. The accuracy of these data relationships beyond these thresholds has not been con-
firmed through direct soil loss measurements. Estimating field erosion rates using sediment concentrations might lead to 
underestimation due to variable sediment trapping between the field and the riverbed. Furthermore, if riverbank erosion 
significantly contributes to sediment supply in the river, there’s a chance that sediment yields could overestimate actual 
erosion rates on the fields [11]. The most dependable relationships with measured sediment yields are predominantly 
associated with catchment sizes featuring homogeneous land use and soil types [11]. Many methods limit estimation to 
a maximum slope angle of 50% (26.6 degrees) [21], and LS factors exceeding this threshold introduce uncertainty into 
soil erosion predictions. Traditional methods for assessing soil erosion, including volumetric techniques, erosion plots, 
hydrological measurements, and geodetic surveys, are applied to various erosion processes and encompass different 
spatial and temporal scales. However, these methods often face significant limitations that affect the accuracy of the 
data collected [22]. Thus, Kumar et al. [23] suggested that in steep sloping hilly, and mountainous regions fallout radio-
nuclides (FRNs) could be a comparatively reliable alternative for soil erosion assessments. It is considered highly effec-
tive in extreme topographic and climatic conditions, which restricts the applications of conventional methods [24, 25].

Over the past few decades, FRNs including artificial radioisotopes like 137Cs and 239+240Pu, natural fallout of 210Pb, 
and cosmogenic 7Be have been extensively employed as soil tracers. They have been helpful in evaluating soil erosion 
rates across various environmental conditions [24, 26, 27]. The 137Cs radioisotope is the most widely used and validated 
method to quantify soil erosion rates for the medium term [28, 29] and is a man-made isotope with a half-life of 30.2 years. 
Yamagata et al. [30] made one of the earliest efforts to utilize cesium in the study of soil erosion and its movement. The 
use of FRN activity monitoring has been acknowledged as an effective method for investigating how soil is redistrib-
uted throughout the landscape [31]. It originated in the environment because of atmospheric thermonuclear weapons 
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testing conducted during the 1950s and 1960s [28]. The use of 137Cs as a tracing agent relies on the assumption that it 
is uniformly distributed across the landscape and quickly and strongly binds to specific components, particularly clay 
particles and organic substances like humus. Additionally, it exhibits resistance to being carried deeper into the soil 
or absorbed by plants. Consequently, 137Cs is primarily redistributed in association with the physical movement of soil 
particles. FRN also aids in comprehending erosion processes by providing insights into the time of deposition of specific 
FRN, and this analysis can be conducted within a single sampling campaign. There are various models available for the 
conversion of areal activity into erosion rates ranging from simple proportional models to complex mass balance mod-
els [32]. Most recently, a new model named Modelling Deposition and Erosion rates with Radionuclides (MODERN) has 
been introduced. This model takes into account the exact depth distribution of any FRN at a reference site and enables 
customization to suit specific site conditions [33] and employed by several other studies across the globe and found 
efficient [34]. While Parson and Foster [35, 36] have raised concerns about the reliability of 137Cs, although adherence 
to the underlying assumptions, meticulous parameterization, and optimal sampling strategy can provide a long way in 
resolving these issues [28, 29, 37]. Furthermore, the continued global use of 137Cs in soil erosion and sediment fingerprint-
ing research [38] demonstrates its usefulness. Notably, it can avoid the need for time-consuming and expensive methods 
typically required for long-term site monitoring [26, 28, 29] which is impossible in the complex terrain of the Himalayas.

In the higher Himalayas, there is a significant lack of field erosion measurement; only predictions or potential assess-
ments of soil erosion rates have been made [19]. Previous studies on soil erosion in the Himalayan region have primarily 
relied on approximations based on sediment yield at the watershed or catchment scale, or they have used erosion models 
to make predictions. Also, there is a significant lack of reliable information regarding soil erosion rates using FRN—137Cs 
[38], with only a few numbers of studies were conducted in the foothills, lower Himalayan regions, and north-eastern part 
of India (Meghalaya) [9, 39, 40]. Notably, there is a significant lack of such studies in the steep sloping higher Himalayas. 
Mariappan et al. [40, 41] have underscored the necessity, potential, and existing gap in the application of fallout radio-
nuclides for the Indian sub-continent and Indian Himalayas [23]. The present study aims to quantify soil erosion rates 
on two typical hillslopes characterized by steep topography in the Higher Himalayas. Specifically, the study seeks: (i) to 
characterize the depth distribution of 137Cs in the higher Himalayas, (ii) to quantify the long-term average soil erosion 
rate in steep, complex landscapes, and (iii) to identify critical hillslope positions prone to soil erosion.

2 � Materials and methods

2.1 � Study area

The Himalayan landscape consists of mosaics of complex hillslopes. Two typical hillslopes representing the higher Hima-
layas were selected to quantify erosion rates over the hillslope. The higher Himalayas mark the region with the highest 
peaks of the Himalayas, comprising a thickness of 10–15 km of Precambrian crystalline rocks that have been uplifted 
and intruded by granites, some of which are tertiary in age [42]. The region mainly consists of metamorphic schist rock 
types. Soils are dominantly sandy loam type and belong to sub-group of Typic Dystrudepts [43]. The climate is classi-
fied as warm and temperate according to the Köppen Climate Classification (Cwb) [44]. The area also receives seasonal 
snowfall during winter.

2.2 � Harsil (H1)

The hillslope is situated at 31° 01′ 55.4ʺ latitude and 78° 44′ 26.9ʺ longitude in Harsil, Uttarkashi, Uttarakhand, India 
(Fig. 1). Agriculture serves as the primary occupation for the local population. The annual average precipitation ranges 
from 1000 to 1350 mm (1951–2021) based on IMD Gridded data, with approximately up to 60–70% occurr during the 
monsoon season from June to September [45]. The ridge (HS1) of the hillslope is predominantly covered with cropland 
characterized by high soil depth. These terraced croplands are rain-fed and cultivated with Phaseolus vulgaris (red kidney 
beans) (Rajma) and Potato (Aloo). These terraces are almost flat, lacking embankments at the field boundaries and sloping 
outward. In the upper hillslope (HS2), dense coniferous forests dominate, primarily covering Deodar (Cedrus deodara) and 
Himalayan Spruce (Picea smithiana), with a moderately deep soil depth. The middle to lower sections of the hillslope are 
occupied by terraced Apple orchards (HS3 & HS4), ranging from very deep to deep soil profiles, respectively. In HS3, the 
terraces were wide and outward sloping with deep soil, whereas in HS4, the terraces were narrow, closely spaced, and 
located on steep slopes, with an outward slope direction. Further down, in the valley hillslope (HS5), mixed forests (Cedrus 
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Fig. 1   (a) Location of the study area hillslopes—(b) Harsil (H1), and (c) Gangnani (H2)
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deodara and Picea smithiana) with moderate soil depth prevail. Cropping is limited to a single season due to snow cover 
for the remainder of the year. Traditional animal-drawn plough tillage has been practiced in this area for over a century 
with plough layer depths ranging from approximately 15–20 cm.

2.3 � Gangnani (H2)

This hillslope is located at 30° 54′ 08ʺ latitude and 78° 41′ 06ʺ longitude at Gangnani, Uttarkashi, Uttarakhand, India 
(Fig. 1). The yearly average precipitation amounts to 1367 mm, with around 70% of it falling during the monsoon season, 
which occurs from June to September (Supplementary Fig. 1 & 2). The ridge (HS1) of the hillslope is covered with grasses 
and shrubs characterized by medium soil depth. The upper hillslope (HS2) was characterized by dense coniferous forests 
(Cedrus deodara and Picea smithiana) and has moderately deep soil. The middle to lower hillslope is terraced cropland 
(HS3 & HS4) with varying soil depths, ranging from shallow and deep respectively. At mid hillslope (HS3), terraces were 
damaged and slightly outward sloping with broken stone patches on the riser of the terraces. The terraced fields at HS4 
were comparatively wider than the HS3 position, with stone patching on riser and slight outward slope. The lowest 
hillslope position (HS5) farmers do cultivation rarely. These terraced croplands were rain-fed and cultivated with beans/
amaranths during the monsoon season at the middle hillslope position. In the lower hillslopes, amaranthus and Phaseolus 
vulgaris (red kidney beans) are cultivated during the monsoon season, followed by mustard in the winter (rabi) season 
(Supplementary Fig. 3). Animal-drawn plough tillage were being practiced over a century, with a plough layer depth 
ranging from approximately 15–25 cm.

2.4 � Soil sampling

The hillslopes were selected based on reconnaissance field surveys using remote sensing data and GIS tools, ensuring its 
precise representation of the region in terms of climate, topography, soil, and land use/land cover. The study employed 
a simple transect sampling strategy, assuming lateral uniformity across the slope gradient in the distribution of 137Cs, 
while anticipating non-uniformity along the transect concerning topography and land use/land cover. This method is 
particularly suitable for steep and uniform slopes, where a single transect can effectively capture the variability of 137Cs 
inventories. The transect was aligned along the axis from the highest to the lowest hillslope positions, comprising a 
sequence of sampling points from the ridge/hilltop to the valley [40, 46, 47]. The hillslopes were comprising of both for-
ested and terraced cultivated areas. The construction of terraces predates the main period of 137Cs fallout, which occurred 
during 1950s and the 1960s. Soil sampling along the transects of the typical hillslopes were conducted during March 
2022 and 2023. The selected hillslope direction was in north for Harsil (H1) and northwest for Gangnani (H2). Sampling 
sites were located at intervals of approximately 150–200 m along transects of 750 (H1) and 730 (H2) meters in length, 
corresponding to the hillslope elements (Fig. 1). The spacing between sampling points varied depending on the length 
of the slopes in forested areas and the terrace width in the cropland areas. To ensure representative sampling sites, the 
sites were carefully selected to reflect the pattern of soil redistribution, influenced by water flow direction, slope steep-
ness, and variations in land use/land cover. At each hillslope element/position, one pit was selected for soil sampling, 
representative of the hillslope position. Samples were collected from the center of the terraced fields to ensure their 
representativeness.

Soil samples were collected from different depths at 15 cm intervals along three sides of each soil profile (a pit of 1 m3), 
with three replications taken for each layer (Fig. 2) [40]. To reduce uncertainty in the reference site, soil samples were 
selected from each of the three faces of multiple pits. We used six to nine replications at the reference site for each layer 
and samples were taken from two- three pits (n = 6–9). Various studies have used six to nine replications per single layer 
at the reference site [48–50]. The slope angles of the reference site ranged < 2 degrees and were covered with grasses 
and shrubs, exhibiting minimal erosion and no visible signs of surface erosion. Soil samples were collected to a maximum 
depth of 1 m or until reaching bedrock or parent material, using stainless steel sampling boxes with average dimensions 
of 0.10 × 0.10 × 0.05 m, 0.15 × 0.10 × 0.05 m, and 0.20 × 0.10 × 0.05 m. To assess variations in radionuclide contents at dif-
ferent depths within the soil profile, an entire section of the soil profile within a metal box, commonly referred to as a 
box-monolith core, was employed. Then, the perpendicular surface of the soil profile was exposed. A metal box section 
was then carefully inserted into the exposed surface (using a wooden block and hammer) until it aligned evenly with 
the adjacent surface. Subsequently, the metal box was removed from the profile, and soil samples were collected and 
placed into appropriately labeled polythene bags (Fig. 2) [40, 51]. A detailed soil sampling methodology adopted can 
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be found in Mariappan et al. [40]. A total of 135 soil samples were collected from the hillslopes and analyzed for 137Cs 
concentration, as well as various physico-chemical properties of the soil.

2.5 � Soil analysis

2.5.1 � Physio‑chemical analysis of soils

Soil samples were collected from both forested and cropland areas in the hillslope positions along the transect. The 
sampling involved obtaining samples at different depth intervals, specifically at 0–15 cm and 15–30 cm. Once collected, 
the samples were air-dried, disaggregated, and sieved through a < 2 mm sieve. Soil physio-chemical parameters such as 
soil texture, bulk density, pH, electrical conductivity (EC), and soil organic matter contents were analyzed at the Central 
Analytical Lab (CAL), Indian Institute of Remote Sensing, Dehradun. Supplementary Table 1 provides further details and 
information on the methods used to analyze the physico-chemical properties of the soils.

2.5.2 � Gamma spectroscopy

Gamma spectroscopy was employed to determine the activity concentrations of 137Cs in soil samples. A p-type broad 
energy high purity germanium (HPGe) detector with a carbon composite window (BEGE-5030, Canberra Industries Inc., 
USA), available at the Centre for Advanced Research in Environmental Radioactivity (CARER), Mangalore University, 
was utilized for the analysis. The Gamma Spectrometer, along with efficiency calibration details, has been previously 
documented [52]. The soil samples, each weighing 250 g, were subjected to a counting duration of 60,000 s. The activity 
concentration was then estimated based on the 662.6 keV gamma emission from 137Cs, and the calculation followed 
equation provided in Supplementary file. To determine the 137Cs content for each layer in the soil profile, measured in 
Bq m−2, the mass of the fraction less than 2 mm and the cross-sectional area of the sampling device were employed in 
the calculation.

2.6 � Measurement and modelling of FRN‑137Cs reference inventory

The accurate assessment of the reference inventory is essential for quantifying soil erosion and deposition rates using 
137Cs measurements. Identifying a reference site with minimal erosion or deposition in the steep and mountainous ter-
rain of the Himalayas is a major challenge. In this study, the reference site was identified at the ridge or hilltop position 
with the lowest possible slope (0–2 degrees). The dependability of the measured reference value of the 137Cs inventory 
can be assessed by the global reference model [9]. We used various methods [53–56] that are available to estimate the 
reference inventory.

Fig. 2   Pit-based depth-incremental procedure followed for soil sampling
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2.7 � Conversion of 137Cs inventories to soil redistribution rates

The quantification of erosion and deposition rates along the hillslope transect relies on comparing the measured 137Cs 
inventory to a reference inventory. Various relationships are available for obtaining quantitative assessments of soil 
erosion and/or deposition using 137Cs measurements. In ploughed soils, where 137Cs is mixed with the ploughed or 
cultivated layer, the depth distribution of 137Cs in the soil profile differs significantly from that observed in undisturbed 
soils. In stable undisturbed soils, the depth distribution of 137Cs typically follows an exponential decrease with depth, 
and this pattern can be effectively characterized using the profile distribution model [57]. Modelling Deposition and 
Erosion rates with RadionNuclides (MODERN) model [33] were employed to convert the measured 137Cs inventories into 
soil erosion and deposition rates for ploughed (cropland) and un-ploughed (forest land) soils.

2.7.1 � Modelling Deposition and Erosion rates with RadionNuclides (MODERN)

The MODERN model offers adaptability to specific site conditions and considers the specific depth distribution of any 
Fallout Radionuclide (FRN) at the reference site. The depth-wise distribution of the reference profile was used to adapt 
and simulate the erosion/deposition from the hillslope. To simulate soil erosion values in terms of length unit or mass per 
unit area per year, MODERN requires the mass depth and areal activity of 137Cs. Unlike other models, the MODERN does 
not necessitate a transect sampling approach and can efficiently execute even when the sampling points are spatially 
scattered.

The model attempts to determine the level x* (in cm) between x* and x* + d (in cm), where the total FRN inventory 
of the sample site, Inv, is equal to the sum of all Invinc values of the reference site. Consequently, x* must satisfy the 
following equation [33]:

To explore all potential solutions, several simulated layers are incorporated both below and above the reference 
profile, to evaluate potential soil erosion or aggradation. The integral function S, describes the newly simulated depth 
profile, where:

The distribution function g(x)’s antiderivative (primitive) function G can be utilized to solve the function S, as dem-
onstrated below:

The results provided by MODERN are given in centimeters of soil losses or gains. The following equation can be used 
to convert Y in t ha−1 yr−1 to annual soil erosion or aggradation:

where xm is the mass depth (kg m−2) at the sampling site, d is the total depth measured, t1 is the sampling year (yr), and 
t0 (yr) is the reference year.

3 � Results and discussion

3.1 � Physicochemical characterization of soils

The typical hillslope was sub-divided into five segments, including the ridge/hilltop, upper, middle, lower, and valley 
hillslope positions, and their physio-chemical characterization of soils is provided in Table 1. Soils in the Harsil (H1) 

∫
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hillslope, ridge, and reference location exhibited a higher clay percentage compared to other hillslope positions. 
Soils in the Gangnani (H2) hillslope range from predominantly sandy loam at the upper hillslope to loam at the lower 
hillslope. The textural composition of the soil was observed to vary significantly from the ridge to the valley hillslopes, 
with a notable increase in silt and clay content, accompanied by a decrease in sand content. It was anticipated that 
the larger particle size fractions of the deposited soil would decrease compared to the source soil. This is because 
larger particles typically have a larger shear stress threshold and are less susceptible to erosion [58]. The soils were 
highly acidic and non-saline in nature. The pH ranged from 4.0 to 5.9, while the EC ranged from 0.05 to 0.73 dS m−1 
in the surface soils of both hillslopes. The acidic nature of the soils may be attributed to the release of organic acids 
resulting from the decomposition of high organic matter content present in the soils [59]. The electrical conductiv-
ity (EC) exhibited a decreasing trend as soil depth increases, which could be associated with nutrient leaching and 
its accumulation in lower soil layers [60]. The bulk density of soils ranged from 0.76 (forest cover) to 1.28 g cm−3 
(cropland) in the surface and sub-surface layers. In the surface soil, soil organic matter ranged from 0.96 to 5.5%, 
whereas subsurface soil had 0.46 to 4.1%. Overall, higher organic matter was found in the Harsil (H1) hillslope than 
in Gangnani (H2), as it were located in a cooler and higher altitude region. Elevation and temperature affect organic 
matter decomposition, with higher elevation and lower temperature favoring slower decomposition [61, 62]. The 
low bulk density in the forest soil, [63] could be attributed to factors such as active bioturbation, the buildup of 
organic matter, and the cycles of thawing and freezing. Additionally, the local vegetation in the area plays a vital 
role in controlling the physio-chemical properties of the soil, leading to enhancements in soil structure, hydrologic 
properties, and aeration. The variability in soil physical and chemical properties associated with topography, land 
use/land cover, and soil erosion processes across the hillslopes.

Table 1   Distribution of soil physio-chemical properties (mean ± SD; n = 3)

Depth (cm) Sand (%) Silt (%) Clay (%) Bulk density (g cm−3) pH Electrical 
conductivity 
(dS/m)

Organic matter (%)

Harsil (H1)
Reference 0–15 30.00 ± 5.29 50.61 ± 5.03 19.39 ± 1.50 1.27 ± 0.04 4.82 ± 0.39 0.09 ± 0.07 3.82 ± 0.49

15–30 28.67 ± 2.83 51.28 ± 2.00 20.05 ± 1.15 1.27 ± 0.02 5.00 ± 0.46 0.06 ± 0.01 3.02 ± 1.02
Ridge 0–15 43.15 ± 2.13 33.33 ± 3.06 23.52 ± 3.05 1.28 ± 0.29 4.82 ± 0.17 0.09 ± 0.02 3.36 ± 0.37

15–30 44.48 ± 3.05 22.43 ± 5.80 33.09 ± 3.00 1.16 ± 0.1 5.07 ± 0.23 0.06 ± 0.01 2.79 ± 0.43
Upper 0–15 53.33 ± 0.00 33.20 ± 1.13 15.20 ± 1.06 0.90 ± 0.18 5.69 ± 0.03 0.17 ± 0.02 5.47 ± 0.98

15–30 53.33 ± 1.15 28.67 ± 1.15 18.00 ± 0.00 1.06 ± 0.00 5.58 ± 0.02 0.13 ± 0.00 4.08 ± 0.63
Middle 0–15 55.72 ± 1.41 26.84 ± 1.41 17.44 ± 0.00 1.01 ± 0.70 5.00 ± 0.26 0.09 ± 0.03 3.43 ± 0.52

15–30 59.72 ± 7.44 22.84 ± 1.41 17.44 ± 0.00 1.10 ± 0.73 5.08 ± 0.29 0.07 ± 0.02 2.69 ± 0.18
Lower 0–15 58.72 ± 6.52 28.85 ± 7.25 12.43 ± 0.74 0.94 ± 0.03 5.08 ± 0.06 0.09 ± 0.04 3.36 ± 0.37

15–30 58.72 ± 8.16 28.19 ± 8.92 13.09 ± 1.01 1.16 ± 0.05 4.89 ± 0.35 0.07 ± 0.00 3.05 ± 0.18
Valley 0–15 51.28 ± 2.00 38.00 ± 2.00 10.72 ± 0.00 0.76 ± 0.09 5.86 ± 0.19 0.18 ± 0.00 4.17 ± 1.84

15–30 70.28 ± 1.41 21.00 ± 1.41 8.72 ± 0.00 1.23 ± 0.03 5.72 ± 0.21 0.05 ± 0.03 3.42 ± 0.87
Gangnani (H2)
Reference 0–15 57.89 ± 3.06 34.00 ± 4.00 8.11 ± 1.15 1.01 ± 0.07 4.04 ± 0.18 0.27 ± 0.06 2.13 ± 0.19

15–30 59.89 ± 1.15 34.67 ± 1.15 5.44 ± 0.00 1.04 ± 0.03 4.32 ± 0.32 0.16 ± 0.05 1.88 ± 0.10
Ridge 0–15 61.89 ± 6.43 32.67 ± 4.62 5.44 ± 2.00 1.02 ± 0.02 4.65 ± 0.21 0.05 ± 0.02 1.05 ± 0.05

15–30 61.23 ± 3.06 31.33 ± 1.15 7.44 ± 2.00 1.12 ± 0.08 4.77 ± 0.18 0.04 ± 0.00 0.61 ± 0.24
Upper 0–15 62.56 ± 5.29 32.00 ± 5.29 5.44 ± 0.00 0.87 ± 0.04 5.23 ± 0.29 0.29 ± 0.09 4.70 ± 0.58

15–30 63.89 ± 4.16 31.33 ± 4.62 4.77 ± 1.15 1.05 ± 0.12 5.40 ± 0.40 0.11 ± 0.03 2.68 ± 0.60
Middle 0–15 57.89 ± 3.06 36.00 ± 4.00 6.11 ± 1.15 1.10 ± 0.03 5.15 ± 0.20 0.32 ± 0.11 0.96 ± 0.62

15–30 54.56 ± 4.00 38.67 ± 4.16 6.77 ± 1.15 1.17 ± 0.02 5.51 ± 0.09 0.24 ± 0.21 0.46 ± 0.36
Lower 0–15 48.13 ± 1.41 40.00 ± 3.46 11.87 ± 2.67 1.02 ± 0.06 4.63 ± 0.25 0.66 ± 0.06 3.66 ± 0.32

15–30 47.47 ± 3.76 40.67 ± 1.15 11.87 ± 2.67 1.08 ± 0.07 5.00 ± 0.32 0.28 ± 0.09 2.54 ± 0.30
Valley 0–15 47.28 ± 3.46 40.67 ± 1.15 12.05 ± 3.06 0.98 ± 0.00 4.32 ± 0.24 0.73 ± 0.08 3.44 ± 0.27

15–30 43.28 ± 3.46 44.00 ± 5.29 12.72 ± 2.00 1.09 ± 0.07 4.96 ± 0.45 0.03 ± 0.13 2.28 ± 0.63
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3.2 � Vertical distribution of 137Cs at reference sites

The depth distribution profiles of 137Cs exhibited a decreasing exponential pattern (r2 = 0.92) (Fig. 3), with the high-
est concentration of 137Cs retained in the surface and subsurface layers of 0–30 cm (98.8%) and 30–45 cm (1.2%), 
respectively, in the Harsil (H1) hillslope. Similarly, 137Cs showed a decreasing exponential shape (r2 = 0.96) (Fig. 4), 
with the maximum amount of 137Cs retained in the surface and subsurface layers of 0-30 cm (96.6%) and 30–50 cm 
(2.8%) in the Gangnani (H2) hillslope. The exponential distribution of 137Cs ratifies the reference site is suitable. The 
reference site measured with the highest concentration of 137Cs at 24.5 ± 4.5 Bq kg−1, and at 21.7 ± 1.6 Bq kg−1 for 
H1 and H2, respectively. Similarly, Foucher et al. [64] reported an average reference 137Cs activity of ~ 20 Bq Kg−1 at 
30–40° latitude. Prokop and Poreba [9] also reported that in Shillong (North-east Himalayas), the total 137Cs activity 
in soil was approximately 20 Bq kg−1. (decay corrected to 2022). Most of the vertical translocation of 137Cs in these 
profiles can be attributed to the illuviation of clay associated with soil organic carbon and high rainfall, as well as 
downward movement via macropores [9]. The observed depth distribution of 137Cs were corresponded with findings 

Fig. 3   Vertical distribution of 137Cs in reference points and different hillslope positions of Harsil (H1)
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of other studies. For instance, a significant portion of the total 137Cs inventory was concentrated within the top 30 cm 
in the Himalayan foothills [40], and up to 35 cm in the Nepal Himalayas [65]. These patterns were consistent with 
observations from various regions [66]. According to a review by Jagercikova et al. [67], the depth of maximal cesium 
penetration ranged from 12 to 60 cm. The migration rate of 137Cs is significantly higher in soils rich in soil organic 
matter and lower in soils with less organic content [67]. In our study, 137Cs was found at depths of up to 30–45 cm, 
with the majority (96.6–98.8%) found within the top 30 cm.

Fig. 4   Vertical distribution of 137Cs in reference points and different hillslope positions of Gangnani (H2)
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3.3 � Vertical distribution of 137Cs at the sampled sites

In the Harsil (H1) hillslope, the depth distribution profiles of 137Cs along the ridge (HS1), upper (HS2), lower (HS4), and 
valley (HS5) hillslopes were similar to profiles typically found in un-ploughed and ploughed soils [67], showing an 
exponential decrease with depth. The 137Cs activities were detected at HS1 (12.6 ± 0.2 Bq kg−1), HS2 (8.7 ± 0.9 Bq kg−1), 
HS3 (25.4 ± 3.9 Bq kg−1), HS4 (12.1 ± 0.6 Bq kg−1), and HS5 (25.5 ± 6.7 Bq kg−1). In the cropland area (HS1), 137Cs activ-
ity was predominantly concentrated (~ 40% and 58%) in the top 15 cm and 30 cm of the soil profile, respectively. In 
forested sites (HS2 & HS5), 77% and 97% of the 137Cs were found in the top 15 cm, respectively, which is higher than 
the activity observed in cultivated sites. The middle (HS3) hillslope, characterized by a concave shape with a low slope, 
exhibited higher 137Cs concentration, with 31%, 49%, and 20% in the depths of 0–15 cm, 15–30 cm, and 30–45 cm, 
respectively. A comparison with the vertical distribution at the reference site suggests that the top 15 cm of soil in 
HS3 was deposited from the upslope area. HS4 exhibited an eroded phase, with 137Cs distributed almost equally in 
the surface and subsurface layers, accounting for 54% and 46%, respectively. In HS5, majority found in surface soils 
with high amount of coarse fragments was observed. The variation in the depth distribution profiles of 137Cs along 
the transects indicates variations resulting from changes in land use, topography, soil texture, and stoniness.

In Gangnani (H2) hillslope, significantly higher 137Cs activities were found at HS1 (13.3 ± 0.4 Bq kg−1) and HS2 
(12.4 ± 0.6 Bq kg−1), while HS3 (2.3 ± 0.2 Bq kg−1) exhibited lower activity compared to HS4 (11.8 ± 2.1 Bq kg−1) and 
HS5 (16.8 ± 1.2 Bq kg−1). Li et al. [68] also found that the distribution of 137Cs varies across different hillslope positions. 
Xinbao et al. [69] found no 137Cs activity in the Loess Plateau on slopes ranging from 100 to 173.20%. However, we 
found 12.4 Bq Kg−1 of 137Cs activity at a steep slope (100–119.17%) with forest cover. 137Cs (~ 97%) is mainly found in 
the top 15 cm of the soil profile in HS2 (forest), and it translocated downward to a depth of 50 cm (r2 = 0.85). In the 
cropland (HS3), 137Cs activity was largely (~ 87%) concentrated in the top 30 cm of the soil profile. The 137Cs inventory 
was maximum within the top 15 cm of the soil and then declined exponentially. In cultivated sites (HS4), 94% of the 
137Cs was found in the top 30 cm, and it was distributed uniformly within the plough layer, ranging from 0–15 cm 
(45%) to 15-30 cm (48%) [70], which was lower than the activity observed in un-ploughed sites. The 137Cs activity 
showed a distinct profile shape for the soils of the lower hillslope (HS5) (Fig. 4), in contrast to the reference site (HS1). 
The profile depth distribution for the soils of HS5 site revealed highest 137Cs activity (10.4 Bq Kg−1) at 30-50 cm, 
whereas it was 1.8 Bq Kg−1 and 3.0 Bq Kg−1 at 0–15 cm and 15–30 cm, respectively indicating relatively low activities 
and thus deposition of eroded sediments brought from upslope area. After a depth of 50 cm, the 137Cs activity was 
quite low (0.3–1.3 Bq Kg−1), clearly indicating that the 30–50 cm layer represents the buried topsoil horizon of the soils 
at the valley hillslope (HS5). The 137Cs activity was found up to a depth of 75–100 cm increment in the lower hillslope 
position. Additionally, the occurrence of very intense rainfall (Supplementary Fig. 2) in the study site may contribute 
a significant sediment load from upslope contributing areas in a short period. Similar profile shapes were reported 
by Porto et al. [71] in deposition zones and in low floodplain zones [72]. Froehlich [73] also reported a similar shape 
of 137Cs depth distribution in flood plains of North-east Himalayas at a depth between 30–50 cm.

3.4 � Measurement and modelling of 137Cs reference inventory

At the reference sites of Harsil (H1) hillslope, the mean value of 137Cs inventories was measured at 2172.8 ± 433.1 Bq m−2, 
with a coefficient of variation (CV) of 20% (Fig. 3). For the Gangnani (H1) hillslope, the mean value of 137Cs inventories 
was measured at 2054.5 ± 265.20 Bq m−2, with a coefficient of variation (CV) of 12.91% (Fig. 4). There has not been 
any study to date comparing the reference inventory for the higher Himalayas. However, some studies had been 
conducted in the foothill Himalayas by Mariappan et al. [40] reported a modeled inventory of 1685 Bq m−2 (modelled 
inventory-2013), and in the Meghalaya, Prokop and Poreba [9] reported a measured inventory of 1220 Bq m−2 (sam-
pling year-2012), both at lower latitudes and higher longitudes compared to this study. Mandal et al. [39] conducted 
a study in Dehradun and found 137Cs values ranging from 944 to 1170 Bq m−2. Moreover, Tagami et al. [74] conducted 
a study to assess the spatial distribution of 137Cs reference site soils in South Asia. They found that the 30–40° lati-
tude band had a geometric mean of 1576 Bq m−2, with values ranging from 860 to 3731 Bq m−2. In Srinagar, Jammu 
and Kashmir (34.083° N), 137Cs values were recorded at 2685 Bq m−2, while New Delhi (28.583° N) showed 1580 Bq m−2 
(decay corrected—2022) [74, 75]. Additionally, models were employed to verify the reliability of the reference value of 
137Cs inventory [9]. The scarcity of data necessitates checking the reliability of measured reference inventory against 
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global reference inventory models. Various models were adopted to predict 137Cs fallout using monthly precipitation 
data from the India Meteorological Department (IMD). The models yielded a reference inventory ranging from 1606 
to 2006 Bq m−2 (Supplementary Table 2; Supplementary Figs. 4, 5). All methods estimated inventories that were quite 
close in magnitude to the measured ’reference’ inventories at the reference site. Any differences observed can likely 
be attributed to the spatio-temporal variations in rainfall across the hilly and mountainous landscape. Consequently, 
the observed reference inventory was considered the actual value for quantifying erosion and deposition processes.

3.5 � Measurement of 137Cs inventories at the hillslope positions

In the Harsil (H1) hillslope position, the activities of 137Cs inventories were calculated at five hillslope positions along 
the transect, ranging from 1373.8 (HS2) to 3219.7 Bq m−2 (HS3), as depicted in Fig. 3. The ridge hillslope (HS1) exhibited 
a 137Cs concentration of 2025.6 ± 91.7 Bq m−2, whereas in the upper hillslope (HS2) covered with forest, the value was 
1373.8 ± 133.1 Bq m−2, while lower hillslope (HS4) recorded a 137Cs inventory of 1404.3 ± 131.4 Bq m−2, and HS5 had a 137Cs 
concentration of 1649.9 ± 317.6 Bq m−2. The coefficients of variation for 137Cs in HS1, HS2, HS3, HS4, and HS5 were 5%, 
10%, 12%, 9%, and 19%, respectively. The highest variation was observed in the valley hillslope position and deposited 
regions. The activities of 137Cs inventories were calculated at five hillslope positions along the transect of the Gangnani 
(H2) hillslope. The values range from 244.2 (HS3) to 2213.0 Bq m−2 (HS5), as illustrated in Fig. 4. The ridge hillslope with 
grass and shrub cover exhibited a value of 1538.0 ± 84.6 Bq m−2, upper hillslope (HS2) with forest exhibited a value of 
904.1 ± 69 Bq m−2, while the lowest 137Cs inventory of 244.2 ± 52.1 Bq m−2 was found in the middle hillslope cropland 
(HS3). This inventory is approximately four times lower than the natural forest cover (upper hillslope-HS2). Forested soils 
had considerably higher values of 137Cs compared to cultivated soils [76]. The 137Cs inventories for croplands in HS4 and 
HS5 were 1185.2 ± 243.8 and 2213.0 ± 53.5 Bq m−2, respectively (Fig. 4). The coefficients of variation for 137Cs in HS1, HS2, 
HS3, HS4, and HS5 were 5.5%, 7.6%, 21.7%, 20.5%, and 2.4%, respectively. The concentration of 137Cs specific activity 
(Bq kg−1) and areal activity (Bq m−2) may have varied in relation due to the presence of high coarse fragments, stones, 
organic matter content, and bulk density of the samples. The observed soil redistribution patterns on terraced fields align 
with the erosion and deposition patterns typically associated with soil erosion, as indicated by previous studies [70, 77]. 
Notably, in the managed site, the primary soil conservation measures focused on constructing broad-base terraces to 
reduce the slope length (Fig. 5). These practices have significantly altered the flow patterns, consequently impacted soil 
redistribution and resulting in relatively high variability in 137Cs inventories. Significantly, in the managed site, the key 
soil conservation measures were focused on constructing broad-base terraces to diminish the slope length (Fig. 6). The 
undisturbed forest land exhibited low variability, while the cultivated terraced field demonstrated high variability. The 
entire 137Cs inventory (Gangnani—H2) in the surface soil of cultivated (HS3 and HS4) and uncultivated (HS1 & HS2) sites 
were lower than the reference inventory, indicating net soil loss, while it was higher in  valley (HS5) hillslope position, 
conferring the deposition of sediments. The rate of soil transport to downslope was proportionate to the slope, thus 
soil loss was more evident on steep slopping terraces (terrace width 6 m at HS3) and relatively less on moderate sloping 
terraces (terrace width 12 m at HS4) [61].

3.6 � Estimation of soil redistribution rates

To determine the soil redistribution rates across different hillslope positions, we used the MODERN model. The MODERN 
model allows for comparison between the depth distributions of 137Cs from both the reference and sampled sites. To 
investigate ploughing mechanisms using MODERN, we conducted simulations involving a single plough layer (typically 
at a depth of 15 cm) positioned above the observed depth profile. Concurrently, to explore deposition mechanisms using 
MODERN, we conducted simulations involving a single/double deposition layer positioned above the observed depth 
profile. The 137Cs inventory in these simulated layers were determined based on the average value of the 137Cs inven-
tory measured in the upper horizon of the respective site assuming a variable depth distribution of 137Cs with respect 
to disturbed sites. Thus, varying surface 137Cs concentrations corresponding to the observed values were selected for 
each hillslope position.

3.7 � Harsil (H1)

The ridge/ hill top (HS1), upper (HS2), lower (HS4), and valley (HS5) hillslope positions were assessed for net erosion rates, 
yielding values of − 2.9 ± 0.0, − 11.6 ± 2.0, − 15.6 ± 2.5, and − 8.9 ± 0.0 t ha−1 yr−1 respectively (Fig. 7). In HS4, the terraced 
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Fig. 5   Various land use/land cover under different hillslope positions of Harsil (H1) hillslope (a) terraced field, (b) deodar forest, (c) apple 
orchard (deposition), and (d) apple orchard (eroded)

Fig. 6   Various land use/land 
cover under different hillslope 
positions of Gangnani (H2) 
hillslope (a) grass and shrub 
cover, (b) deodar forest, (c) 
broken terraced field, (d) ter-
raced mustard crop field
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fields (width) were narrow with high riser on the steep slopes. It witnessed removal of the topsoil due to high surface 
runoff from the upslope areas. The average net erosion rate (for eroded areas) of the entire hillslope was determined to 
be − 9.75 t ha−1 yr−1 (Fig. 7). The middle hillslope (HS3) (Fig. 5 c), characterized by a concave shape with a lower slope, 
exhibited a deposition of 14.5 ± 2.5 t ha−1 yr−1. At this position, the terrace fields were wide with low riser and lesser 
slopes, that promoted the sediment deposition from the upslope areas. The hillslope position with the highest slope 
(32%) was observed with the highest soil erosion (HS4), whereas flat cultivated land (2%) experienced lower soil erosion 
(HS1) within similar land use (Fig. 5). Additionally, the upper hillslope forest, with the highest slope (65%), observed the 
second-highest soil erosion rate. Conversely, the middle hillslope, with an 8% slope, experienced a net deposition of 
sediments from the upper slope areas. The conservation practices adopted, such as levelling terraces with stone patch-
ing on riser, provide stability to the slope and helped to prevent soil erosion (Fig. 5c, d).

Topographic factors such as slope, slope shape, and aspect were likely to exert a significant influence on the redistribu-
tion of 137Cs in the landscape. Soil loss and runoff rates in croplands are known to be affected by both the slope gradient 
and slope length [78]. For instance, in subtropical terraced apple orchards in Spain, an erosion rate of 9.1 t ha−1 yr−1 was 
reported with an annual rainfall of 449 mm [79], while in our case, the rainfall is higher at 1175 mm. Kothyari et al. [80] 
measured the highest soil erosion rate of 5.47 t ha−1 yr−1 with a slope of 33.46% and rainfall of 179.33 mm from runoff 
plots in the Pine Forest of Kumaon Himalayas. Kalambukkattu et al. [8] reported soil erosion rates in evergreen and 
deciduous forests ranging from 10 t ha−1 yr−1. Whereas in cultivated areas, studies by Sen et al. [81] and Semwal et al. 
[82] on terraced potato-cultivated slopes in the Himalayas, utilizing runoff plots, reported an average soil erosion rate 
of 18.5 t ha−1 yr−1. A study on pulse crops with a 17.63% slope in the Indian Himalayas by Sen et al. [81] measured a soil 
erosion rate of 13.44 t ha−1 yr−1. The accelerated soil losses 20 t ha−1 were recorded on outward-sloping (steep) unditched 
terraces in the Nepal Himalayas [83].

3.8 � Gangnani (H2)

The soil erosion rates were estimated as − 5.6 ± 0.12 t ha−1 yr−1 for the ridge/hilltop (HS1) hillslope position (Fig. 6). 
Shrub land and grassland have the lowest erosion rates reported by Cerdan et al. [84]. The forested upper hillslope 
(HS2) was characterized as a very steep slope of 100–119% with net soil erosion rate of − 9.5 ± 0.2 t ha−1 yr−1 over the 
last six decades. Similarly, Yuan et al. [85] conducted a study using 137Cs in the Nepal Himalayas the sloping forest land 
has a net soil erosion rate of 13.6 t ha−1 yr−1. They suggested that increasing rainfall amount/intensity was reasoned 
for the soil erosion. Whereas some other studies conducted using 137Cs in the Nepal Himalayas reported the soil 
erosion rate up to 29.63 t ha−1 yr−1 for forestland sites [65]. There were limited number of measured and calibrated 
studies available for comparing soil erosion in the Himalayas, and none was available for the Higher Himalayas. Kal-
ambukkattu et al. [8] also reported a mean erosion rate of around 10 t ha−1 yr−1 from an evergreen forest using the 
RUSLE model. Likewise, David Raj et al. [6, 13] reported that the deciduous forest in the Shiwalik Himalayas exhibited 
a net erosion rate of 13.61 t ha−1 yr−1 using a gauged watershed and a calibrated APEX model. Koirala et al. [86] also 
reported comparatively low soil erosion from forested land. Moreover, tree roots have been found to enhance soil 

Fig. 7   Hillslope position-
based soil redistribution rate
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water retention and mitigate the direct impact of rainfall splash [87]. Wu et al. [88] reported that forests are most 
effective in reducing runoff and sediment yield, particularly on slopes ranging between 36.40 to 57.73%. Forests and 
scrub lands, characterized by a thicker canopy and a denser layer of litter and humus, have a higher capability to 
dissipate rainfall and improve infiltration. This, in turn, leads to a substantial reduction in runoff. Forest has a pivotal 
role in regulating the interaction between slopes and soil erosion [89]. The presence of mixed dense forests with a 
thick grass cover on the soil surface has been effective in reducing soil erosion rates on upper hillslopes.

The soil erosion rate was estimated to be the highest, with a net soil erosion rate of − 39.7 ± 1.9 t ha−1 yr−1 at 
the middle hillslope (HS3). At this hillslope position, terrace fields were found damaged due to severe soil erosion 
(Fig. 6c). It was caused by higher surface runoff from the upper slope areas as well as no stone patching on the riser 
of these terraced fields. This concentrated flow led to increased soil erosion and forming gullies as well. Terraces 
closely interconnected with one another are reinforced and shielded from collapsing by stone patching risers and 
mud. Consequently, if one terrace was abandoned and its riser was damaged, it increased the vulnerability of other 
terraces, especially during heavy rainfall, as pointed out by Maikhuri et al. [90]. It revealed a higher soil erosion from 
improperly managed terraced cropland. Prokop and Poreba [9] estimated that annual soil loss from cultivated fields 
in the North-east Himalayas ranged from 32 to 79 t ha−1 yr−1. Similarly, Yuan et al. [85] conducted a study using 137Cs 
in Nepal Himalayas the sloping terraced cultivated land has a mean net soil erosion rate of 32.2 t ha−1 yr−1 and they 
even observed upto 37.08 t ha−1 yr−1 over sloping farmland. In Nepal Himalayas Su et al. [65] reported that soil ero-
sion rates of 70.17 t ha−1 yr−1 for terraced cultivating fields. In the cultivated region of Iran (with rainfall of 991 mm) 
the even high mean erosion rates up to 49 t ha−1 yr−1 observed using137Cs approach. Sooryamol et al. [91] reported 
30.2 t ha−1 yr−1 of net erosion rate from terraced maize field of lesser Himalayas using gauged watershed employ-
ing SWAT model. Kalambukattu et al. [8] also reported an erosion rate of > 30 t ha−1 yr−1 from terraced cropland of 
Uttarakhand Himalaya using RUSLE.

The soil erosion rate was estimated to be -23.0 ± 3.1 t ha−1 yr−1 for the terraced cropland with 57.7–64.9% slope on 
the middle hillslope (HS4). However, in the case of the lower hillslope terraced cultivation (HS4), demonstrated relatively 
less soil erosion compared to HS3. These terraces are slightly outward sloping, and the absence of embankments / bun-
ding at the edges caused soil erosion. The results regarding soil erosion from steep terraced landscapes in the Middle 
Mountains of Nepal surpass the observed soil erosion rates in the terraced landscape located in the upper regions of the 
Changjiang River (37.90 t ha−1 yr−1) and the Yimeng Mountains (27.00 t ha−1 yr−1) in China, as reported by Zhang et al. [92, 
93]. The lower hillslope (HS4) position has a slight concave shape, resulting less erosion. The width of terraces was wider 
compared to those in the middle hillslope field (HS3). Additionally, the edges of the terrace risers were reinforced with 
stone to withstand the high surface flow originating from the upper slope areas. Farmers in this area have been using 
traditional tillage methods, including animal tillage, for over a century. The lower erosion rate observed employing the 
137Cs method suggests the beneficial effects of traditional agricultural techniques, particularly the implementation of 
terraces. Effective management of terrace fields by farmers has helped to reduce the soil erosion in this area. To mitigate 
water erosion, the hillslopes have been divided into terraces to reduce the steepness of slopes. Therefore, it is crucial 
to implement effective control measures for erosion management [94]. The net erosion rates decline as move downhill 
from middle hillslope, which signifies the downslope movement of eroded soil, its transportation, and the deposition 
of eroded materials [70]. The deposition was observed at the valley hillslope cropland (HS5), ranging from 4.04 ± 0.45 t 
ha−1 yr−1. Hillslopes were well-managed terracess with moderate sloping lies at the lowest position receiving sediments 
from upslope area witnessing low erosion rate.

Several studies have identified 137Cs as a reliable method for estimating soil erosion and deposition in various regions 
around the globe. In a study on sloping cropland, Olson et al. [95] employed both magnetic tracers and radio-cesium 
techniques to assess historical soil erosion rates. Their findings indicated that the combination of fly ash and cesium-137 
was effective in quantifying erosion amounts and determining annual soil erosion rates across different positions on 
cropland landscapes. They revealed that the highest erosion rates occurred at the upper and lower backslopes of the 
cropland. Specifically, the annual erosion rates for the backslope during three distinct time periods were found to be 
51 t ha−1 yr−1. According to Mandal et al. [39] the effectiveness of using 137Cs for estimating soil erosion was dependent 
on the severity of the erosion process. Nonetheless, when it was compared to traditional soil erosion assessment tech-
niques, the 137Cs method had demonstrated a highest ability to measure soil redistribution, achieving an accuracy rate 
between 93 and 99% in cases of severe to very severe erosion conditions [46]. This technique overcomes the limitations 
of conventional methods by utilizing naturally occurring radionuclides and stable isotopes as tracers, which enhanced 
the ability to investigate and understand the erosion processes [22]. Using the RUSLE method, erosion was found to be 
categorized from medium to very high, with rates varying from 1 to 33 t ha−1 yr−1. Estimates based on 137Cs have offered 
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a comprehensive understanding of the isotope’s distribution across the slopes, reflecting erosion rates from 26 to 42 t 
ha−1 yr−1, depending on the specific models applied [96].

3.9 � Characterizing critical hillslope position/hotspot of soil erosion

Soil erosion is primarily linked to rainfall-runoff processes, although in mountainous areas, the process is dominantly 
governed by topography. The dominant soil erosion mechanism varies in each hillslope position, depending upon the 
interaction between major soil erosion-causing factors. In the Harsil (H1) hillslope, the highest soil erosion in the lower 
hillslope (HS4) might be attributed to increased snowmelt runoff from the upper slope area. The selected hillslope was 
affected by seasonal snowfall during winter, which often lead to soil redistribution through snow movements and melt-
ing (Fig. 8). Snowmelt runoff and snow movement-related activities may also be significant variables that could increase 
soil erosion [97, 98] in the hilly and mountainous regions. Thus, the erosion observed was a combination of rainfall runoff 
and snowmelt runoff soil erosion. Spring snowmelt runoff frequently triggered water erosion in regions where freezing 
temperatures and snow cover endure for months [99]. The amount of snowfall, slope gradient, land use type, and frost 
penetration depth all impact erosion intensity [100]. Moreover, snowmelt runoff can generate gullies, and these gullies 
can further extend, becoming longer, wider, and deeper. Figure 8 provides insight into how snowmelt runoff causes gully 
formation and subsequent erosion.

In Gangnani (H2) hillslope, the middle hillslope (HS3) stands out as the most unstable terraced cropland with the 
highest soil erosion rate. This was evident in the form of terraced fields with broken bunds and slanting risers (Fig. 6c), 
rendering it severely eroded land that serves as critical source areas for soil erosion. The soils here exhibited the lowest 
organic matter, indicating a high severity of soil erosion. At the onset of the rainy season, this hillslope position lacks 
vegetation cover and experiences splash and sheet erosion. In HS2, a high infiltration rate was induced by sandy loam 
soil with high porosity and organic matter content, effectively reducing surface runoff. Rainwater that infiltrates into the 
forested hillslope subsequently exfiltrates into the adjacent terraced fields of the hillslopes (HS3), leading to the desta-
bilization of the risers of the terrace field and resulting in severe soil erosion (Fig. 9) [101, 102]. This hillslope position 
(HS3) was situated downslope of the dense forest, where concentrated surface runoff flows through gullies (Fig. 9) from 
the higher slope, directly inundating the bare soil surface and causing soil erosion. While the effectiveness of forests in 
reducing soil erosion has been established, there is a pressing need for greater efforts to sustain forests in the upslope 
positions of the region and to promote agroforestry systems.

Identifying soil erosion processes at the plot scale in uncontrolled plots was quite challenging due to the influence 
of various factors. Although FRN provided point-scale information on the dominant soil erosion processes, where it was 
very useful in combination with field observations to derive meaningful insights. Different soil erosion factors govern 
at each hillslopes and positions, including erosive agents, topography, vegetation, and upslope contributing areas. 
Conventional methods had serious limitations for assessing soil erosion at this scale, whereas FRN served as a suitable 
alternative for soil erosion measurement and interpretation. As a preliminary study in the steep-sloping hillslopes of 
the Himalayas, future studies may increase the number of soil sampling and sampling pattern to achieve more precise 
estimates. Thus, the FRN based soil erosion assessment will help to develop site-specific soil and water conservation 
measures for local-scale mitigation.

Fig. 8   (a) Seasonal snow-cov-
ered upper hillslope, and (b) 
gully formation by snowmelt 
runoff
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4 � Conclusions

Soil erosion estimation remained a consistent concern in the hilly and mountainous regions of the Himalayas. However, 
assessing soil erosion in the region received relatively less attention due to the challenges posed by the region’s topog-
raphy and climate, which hinder the measurement of soil erosion rates. This study demonstrates the potential of using 
FRN (137Cs) to measure soil erosion rates and identify critical soil erosion hotspots over the typical steep sloping hillslope 
in the Higher Himalayas. We employed fallout radionuclide (FRN) 137Cs for soil erosion measurements on two typical 
hillslopes with mixed land use, including forest, croplands, and apple orchards.

The depth distribution analysis of 137Cs revealed that the majority of 137Cs was concentrated in the top 30 cm of soil, 
with concentrations decreasing exponentially with the depth. Our findings indicated that in the Harsil (H1) hillslope, 
forested area experienced lower soil erosion rate compared to orchards, while terraced fields with orchards played an 
important role in retaining sediments from the upslope areas, thereby preserving soils. Additionally, the slope gradient 
of hillslope position and snow-melt runoff were identified as a significant factors contributing to the soil erosion. In the 
Ganganani (H2) hillslope, cultivated terraced field exhibited very high rates of erosion, particularly those located imme-
diately after dense forests. In steeply sloping cultivated land, these rates were four times higher than the soil erosion 
rates observed on very steep forested slopes, posing a significant threat to agricultural soils. The notable contrast in the 
average net soil erosion between cultivated and forested soils underscores that, despite the significant contribution of 
terraces in mitigating soil erosion in the hilly terrain, forested land remains the most effective in minimizing soil erosion 
in the higher Himalayas. The study confirms the effectiveness of the forest cover in conserving soils in the upslope posi-
tions of the region, suggesting that encouraging agroforestry systems could serve the dual purpose of soil conservation 
and meeting the needs of the farmers. Overall, it is evident that land use, combined with topography, governs the soil 
erosion processes and its rate at the hillslope scale.

The study also highlighted the potential of 137Cs as a marker for tracing soil redistribution across the hillslope of the 
higher Himalayas and emphasizes the need to fully explore its potential in the region. Thus, quantifying the long-term 
average soil erosion processes and rates on typical hillslope positions such as ridge/ hilltop, higher, upper, middle, 
lower, and valley sections using FRN is necessiated. It will facilitate the identification of critical hillslope elements that 
require prioritization for soil and water conservation measures, and promote sustainable development of the Himalayan 
Mountain ecosystem. Further studies based on 137Cs are needed in the Himalayan region to fully exploit its potential 
and improve its utilization.
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