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Abstract

:

An erosion model using the Revised Universal Soil Loss Equation (RUSLE) equation derived from the Advanced Spaceborne Thermal Emission and Reflection Global Digital Elevation Model (ASTER G-DEM) and LANDSAT 8 is presented in the study. This model can be a cost-effective, quick and less labor-intensive tool for assessing erosion in small watersheds. It can also act as a vital input for the primary assessment of environmental degradation in the region, and can aid the formulation of watershed development planning strategies. The Palar River, which drains into Shanmukha Nadi, is a small mountain watershed. The town of Kodaikanal, a popular tourist attraction in Tamilnadu, forms part of this sub-watershed. This quaint, hill-town has been subjected to intense urbanization and exhaustive changes in its land use practices for the past decade. The consequence of this change is manifested in the intense environmental degradation of the region, which results in problems such as increased numbers of landslides, intense soil erosion, forest fires and land degradation. The nature of the terrain, high precipitation, and intense agriculture exponentially increase the rate of soil erosion. Spatial prediction of soil erosion is thereby a valuable and mandatory tool for sustainable land use practices and economic development of the region. A comprehensive methodology is employed to predict the spatial variation of soil erosion using the revised soil loss equation in a geographic information system (GIS) platform. The soil erosion susceptibility map shows a maximum annual soil loss of 3345 Mg·ha−1·y−1, which correlates with scrub forests, degraded forests, steep slopes, high drainage density and shifting cultivation practices. The erosion map shows that the central region is subjected to intense erosion while the inhabited southern part is less prone to erosion. A small patch of severe soil loss is also visible on the eastern part of the northern fringe. About 4% of the sub-watershed is severely affected by soil erosion and 18% falls within a moderate erosion zone. The growing demand for land and infrastructure development forces the shift of urbanization and agriculture to these less-managed spaces. In light of this scenario, the spatial distribution of erosion combined with terrain and hydro-morphometry can aid in sustainable development and promote healthy land use practices in the region.
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1. Introduction


Soil loss through the natural process of erosion is a serious threat and a major concern worldwide, and, is a particularly sensitive issue in fragile hill and mountain eco-systems. Anthropogenic activities, such as mining, infrastructure development, urban expansion, removal of vegetative cover and intense agricultural activities, are the major causes of soil erosion. The physical factors that contribute to the process of erosion are climate—in particular, intense erosive precipitation—topography and soil characteristics. Soil loss associated with a decrease in soil productivity and fertility resulting in environmental degradation is a crucial hurdle to sustainable development, as it can deplete important soil nutrients vital for healthy plant growth, such as nitrogen, phosphorous and potash, by up to 8.4 million tons [1]. Sediment load, along with other harmful pesticides, pollutes streams, rivers and ground water. It also causes air pollution through emission of gases, such as carbon dioxide, methane and nitrous oxide [2]. Soil loss is one of the major environmental concerns in India, with an estimated average annual soil loss of 16 Mg·ha−1·y−1 covering nearly 53% of the geographical extent [3,4,5,6]. The most significant damage caused by erosion is the loss of nutrient-rich topsoil.



Since soil erosion is a gradual process, the assessment of its impact on the environment and the economy is difficult due to its spatial extent, the biophysical processes involved and the rate of its occurrence [6]. However, the ecological sustainability of natural resources and economic development warrant the prediction of the spatial distribution and magnitude of erosion to plan appropriate mitigation measures. Of late, soil erosion has been recognized as a serious hazard in mountainous terrains as a part of the land and environmental degradation assessment policy for sustainable development and agriculture [4,7]. This warrants efficient quantitative assessment tools and methods to understand the range and magnitude of soil erosion. Several studies [1,8,9,10,11,12,13] have employed various methods for the prediction or assessment of soil erosion. Several authors have developed sediment yield and soil erosion models differing in terms of their complexity, process, data requirements and application [12]. Choice of an appropriate model depends on a number of factors, such as the objectives, catchment characteristics, availability of data and efficiency of the model [11,12]. Soil erosion models can be classified into three main categories—physical, conceptual and empirical—based on the process involved in physical simulation and data requirements. Physical sediment models, though sophisticated and suitable for a variety of environmental applications, are more complex and data intensive, while parameters used to model conceptual models show limited scope for interpreting the physical processes of sediment yield and soil erosion. Temporally varying parameters such as high resolution rainfall data, infiltration rates and saturated hydraulic conductivity [11,12] is necessary for modelling the physical erosion process. Sediment transport dynamics and erosion have also been studied using tracers, such as rare earth oxides [14,15], natural and man-made sinks [13] and hydrological models [11,16]. In the absence of such extensive data, soil erosion models based on annual sediment yield that are empirical in nature are preferred, particularly on a regional scale and for a preliminary assessment. The most-used erosion models worldwide are the Universal Soil Loss Equation (USLE) [17], the Water Erosion Prediction Project (WEPP) [18], the European Soil Erosion Model (EuroSEM) [19], and the Revised Universal Soil Loss Equation (RUSLE) [1].



RUSLE, an extended version of USLE, is a more popular and practical formulation amongst erosion models for predicting soil loss owing to its ability to account for various control management practices with limited data requirements. It is based on the assumption that detachment of soil from a slope or region and the deposition are controlled by sediment flow [20]. Detachment of soil does not occur when the sediment load reaches full capacity. Therefore, erosion of soil is not limited by its source but by the carrying capacity of the flow. Sedimentation continues in the receding section of the hydrograph when there is a decrease in the flow rate [20].



Recent progresses in spatial information technology have augmented prevailing methods in providing effectual tools for monitoring, analyzing and managing resources. This has enormously improved accuracy, scale of application and cost [21]. Again, the variables used to assess erosion through RUSLE can be easily derived and integrated into a spatial environment for the prediction of soil loss. A digital elevation model (DEM) and remote sensing data can be employed effectively for a prompt and detailed assessment of erosion hazards [22]. Spatial information on soil erosion at a sub-watershed scale can help effectively in the planning of conservation strategies to combat soil erosion, aid in erosion control and help in the environmental management of the watershed.



Shrestha [23], Van De et al. [24] and Prasuhn [25] have carried out in-field experimental studies in different climatic regions to estimate and predict soil loss. However, in India, and in the Western Ghats, in particular, the lack of field measurements and data due to complex topography, and social, political and economic constraints, results in less data and necessitates cost-efficient spatial techniques prior to field assessments. The Western Ghats has increasing resource degradation problems that are making the region economically less productive, accentuated by the increase in frequency of landslides, loss of soil due to rugged terrain, and decrease in forested areas. Deforestation, intense and unhealthy agricultural practices, rapid urbanization, and infrastructure development have led to soil erosion and land degradation in this region.



The objectives of this research are to develop a simple framework for assessing soil loss using RUSLE based on the spatial data in the Palar sub-watershed, and to map its erosion magnitude and potential to enable sustainable ecosystem development. This region has been subjected to intense deforestation since the early 18th century, when native Shola forests were replaced by eucalyptus, pine and wattle plantations. In spite of the recent limited efforts on soil conservation, the area remains susceptible to erosion and scientific evaluation of soil erosion in this region has not been attempted. The town of Kodaikanal is a year-round tourist attraction and is located close to Palani, one of the important pilgrim sites in the area. The local economy is driven by tourism-related activities and commercial agriculture. It is timely and critical to comprehend the spatial distribution of soil erosion and its magnitude to explore its socioeconomic impacts. The results of the erosion map are used to identify the physical factors causing erosion and to plan soil conservation strategies for the sub-watershed.




2. Materials and Methods


2.1. Study Area


The Palar sub-watershed (Figure 1) is part of the Shanmukha Nadi watershed with an area of 114 km2. It is located in Kodaikanal Taluk of Dindigul District, Tamil Nadu and is bound between latitudes 10°13′51″ N and 10°26′00″ N and longitudes 77°27′45″ E and 77°34′20″ E. It is a tributary of Shanmukha Nadi, the major river draining into Amaravathi, which in turn drains into the Bay of Bengal. The Palar river is a typical mountainous river with many first order streams. It flows from south to north and joins the Shanmukha Nadi. Its two major tributaries are Tevankarai and Gundar. Altitude and monsoon influence climate, which is sub-tropical in type, with temperatures ranging between the average maximums and the minimums of 17–25 °C and 5–12 °C. The area receives rain throughout the year, with an annual average rainfall between 1600 mm and 1800 mm [26]. Most of the annual precipitation falls in a span of about 96 days during the monsoon. Typically, during October and November (the period of the north-west monsoon) the region receives higher rainfall, amounting to roughly 200 mm each month, while between December and March it receives less rain. During April and May, in the summertime, rainfall intensity is high and can expose the watershed to erosion and landslides. The sub-watershed experiences variability in rainfall from year to year.



The sub-watershed is characterized by hill and valley complexes and pediments. Weathered hill tops and denudation are prominent features in the south-western and northern portions. This region falls within South Indian Precambrian terrain and forms a part of the Madurai block. Bedrock geology is fairly monotonous, comprising charnockite in varying degrees of weathering. A small segment of fissile hornblende gneiss is observed in the south [27]. The exposed charnockite massif shows a close association with pink granite, through sharp and gradational contrast. Both charnockite and hornblende gneiss are medium grained and weakly foliated. A major portion of the region has limited soil cover, with barren land characterizing northeastern sections. The altitude dips towards the north and rises in the south and the northeastern watershed. The terrain is rough and undulating in most parts, particularly in the northeast and south. The maximum and minimum elevations are 2346 m and 291 m above sea level, respectively. Slopes generally face south. Numerous hill streams are observed, spread throughout the sub-watershed. The sub-watershed has a very high drainage density of 3.71 km/km2, again a characteristic of a mountainous relief [26]. The local economy is dependent on tourism to a large extent. Plantations and croplands form a significant part of the land cover. Commonly cultivated crops include beans, carrots, turnips, potatoes, garlic, coffee, oranges, pears, plums, avocados and peaches. Scrub lands and waste lands also cover a considerable part of the region. The southern region houses the Kodaikanal town and, hence, is the heart of the economic activity. Rolling terrain, the presence of scrub forests and waste lands, long periods of high-intensity rainfall, weakly foliated and weathered rocks, and high drainage density in this region make the sub-watershed more susceptible to erosion.




2.2. Assessment of Annual Soil Loss


The advent of soil erosion models has effectively assisted the estimation of soil loss to a reasonable degree of accuracy. Soil loss through erosion is most commonly assessed using empirical and physically-oriented, distributed models. Process-based models require many site-specific inputs and are not generalized in nature, while empirical models are simpler and parameterized. However, empirical models present challenges and uncertainties in the estimation of soil loss and soil conservation planning. The Revised Universal Soil Loss Equation [1] (RUSLE) is one of the most tested empirical models used in both agricultural and forested watersheds to assess the average annual rate of soil loss. It is expedient in application and can be easily formulated in a geographic information system (GIS) framework. It is useful in predicting soil loss, particularly for ungauged watersheds based on watershed characteristics and local hydro-climatic conditions, and presents the spatial heterogeneity of soil erosion with cost efficiency and better accuracy [8].



Rainfall erosivity, soil erodibility, the topographic factor that incorporates the effect of slope length and steepness, land cover management, and support practice are used to model soil loss. These factors show marked spatial and temporal variability across the region, and they are also dependent on the input variables used to derive them. The soil loss through erosion is estimated within each pixel using RUSLE. The equation used is:


A = R × K × LS × C × P



(1)




where A is the spatial average annual soil loss in Mg·ha−1·y−1; R, rainfall-runoff erosivity factor in MJ·mm·ha−1·h−1·y−1; K, soil erodibility factor in Mg h ha−1·MJ−1·mm−1; L, slope length factor (dimensionless); S, slope steepness factor (dimensionless); C, land cover and management factor that ranges between 0 and 1.0 (dimensionless); and, P, the conservation support practice (i.e., erosion control factor) which varies between 0 and 1 (dimensionless) [1,6,7,28].




2.3. Data


Data in digital and analog formats were used to generate the input variables for the RUSLE equation and to assess the impacts of erosion. This was also supported by data collected from field surveying and inspection. The basic data used for the study include:




	(i)

	
ASTER GDEM, resolution 30 m × 30 m.




	(ii)

	
Satellite data, LANDSAT 8 dated 5 May 2014, of 30 m × 30 m spatial resolution (Path: 143; Row: 53).




	(iii)

	
Meteorological data, Total Monthly Rainfall Record for the years 1971–2000 from Indian Meteorological Department, Chennai.




	(iv)

	
Survey of India topographical maps of 1:50,000 scale, sheet numbers 58F7, 58F8, 58F11 and 58F12.




	(v)

	
Soil samples collected through field surveys for the preparation of soil erodibility map.










2.4. Digital Data Processing


A soil erosion model using the RUSLE equation was run on a GIS platform using ArcGIS 9.3 (Environmental Systems Research Institute, Redlands, CA, USA). Earth Resources Data Analysis System (ERDAS) Imagine 9.3 (Hexagon Geospatial, Madison, AL, USA) was used to process the satellite images. Survey of India topographical maps were used to delineate the watershed boundary and to extract the drainage lines. LANDSAT 8 digital data were used to derive the land use map and the vegetation parameters C and P. The topographical factor (LS) was derived from ASTER GDEM. The spatial resolution of the digital dataset was 30 m × 30 m, which was consistent with the LANDSAT image.




2.5. Rainfall Erosivity (R)


The rainfall erosivity factor is an index that measures the erosive force of a rainfall of specific intensity and is defined as a function of volume, intensity and duration of rainfall [1]. Detachment of soil does not occur when the sediment load reaches its full capacity. Therefore, erosion of soil is not limited by its source but by the carrying capacity of the flow. Sedimentation continues in the receding section of the hydrograph when there is a decrease in the flow rate. The R factor expresses two essential characteristics of precipitation that dictate erosion peak intensity for a period of time and amount of precipitation. It quantifies the effect of the impact of raindrops and reflects the quantum and rate of runoff that is likely to be associated with the precipitation.



R can be determined either for a single storm event or a series of events from rainfall records and probability statistics, to account for cumulative erosivity for any period of time. The entire Palar sub-watershed has three rainfall stations located in the immediate vicinity of each other (less than 3 km away), in the same valley, and which do not provide spatial variability in their recorded rainfall data. In addition, the watershed experiences monsoon rains which are relatively uniform in intensity and duration across large distances. In light of these factors, rainfall data collected from a single rainfall station were used to calculate the R factor. Average total monthly rainfall data for a period of 30 years (1971–2000) was used to calculate the R factor from the Arnoldus [29] relation, which is a modification of the equation given by Weishmeier et al. [17] relationship:


  R =     ∑   i = 1   12   1.735 ×   10    (  1.5 log 10  (      Pi  2   P   )  − 0.08188  )     








where Pi is the monthly rainfall in mm and P is the annual rainfall in mm. The annual average rainfall erosivity factor was observed to be 1245 MJ·mm·ha−1·h−1·y−1 when the total rainfall was 1593 mm in 96 rainy days. Figure 2 shows the temporal variation of total monthly rainfall and R factor, and indicates that rainfall-runoff erosivity is maximum during the north-east monsoon between September and November, and almost negligible during the winter months of January and February.




2.6. Soil Erodibility Factor (K)


Erodibility of soil reflects its resistance to detachability and transport for a constant quantity and rate of runoff for a given rainfall, measured in a standard plot [17,30]. It is a function of intrinsic soil properties, such as texture, grain size, hydraulic conductivity of soil, the density of eroded soil, structure, organic content and cohesiveness [17]. Soil samples were collected from different locations in the site and were analyzed to determine the grain size distribution and organic content. A textural map was created from the field data, and three types of soil were identified in the region: sandy clay, sandy clay loam, and sandy loam. Samples showed very little or no cohesive strength and the average hydraulic conductivity of the soil ranged between 7.5 × 10−1 cm/s for sand and 5 × 10−3 cm/s for fine sand and silt. In general, the organic content of the soil was very low (<2%). Minimum organic content in the soil samples indicates the greater susceptibility of the soil to erosion. The soil in the region was shallow to moderately deep and was well drained in general. K values were extracted from the soil erodibility nomogram [17] based on gradation, hydraulic conductivity, and organic content. These varied from 0.13 Mg·h·ha−1·MJ−1·mm−1 for sandy loam to 0.2 Mg·h·ha−1·MJ−1·mm−1 for sandy clay loam. Figure 3 shows the spatial variability of K factor in the Palar sub-watershed. A higher value of K indicates that the soil is more erodible, as it can be easily detached and results in high rates of runoff.




2.7. Slope Length and Steepness Factor (LS)


The topographic factor, or slope length and steepness factor (LS), accounts for the effect of the topography of the site on erosion. Soil erosion (total and per unit area) accelerates with the increase in the slope length as this causes progressive accretion of runoff in the downslope direction [31]. Similarly, velocity and erosivity of runoff intensify with the increase in slope steepness. RUSLE does not distinguish between rill and inter-rill erosion [1].



The slope of the watershed ranges from 0° to 65.73°, with a mean of 18.88° and standard deviation of 11.04°. Nearly 52% of the region has a moderate slope between 10° and 25°, and 7% of the area has an intensely undulating slope. Higher L values are observed where overland flow inclines to accrue in concave slopes and lower values in convex slopes where flow diverges [32]. The L values vary between 0 and 1164.79, with a mean of 7.11 and standard deviation of 51.8.



A combined topographic factor for the watershed was derived from a DEM using Arc Map following the approach of Moore and Burch [33,34]. Flow accumulation (representing the accumulated upslope contributing area for a given cell) and slope gradient (degrees) were calculated using the hydrology and ArcGIS spatial analyst extensions:


LS = (Flow accumulation × Cell Size/22.13)0.4 × {(Sin (slope) × 0.01745)/0.09}1.4



(2)







LS in the Palar watershed varied from 0 to 54.21 (Figure 4), with a mean of 0.11 and standard deviation of 0.57. Steeply sloping areas have a higher S value while gentle slopes have a higher L value. The mean LS reflects the gentle-moderate gradient of the majority of the watershed.




2.8. Crop Management Factor (C)


The crop management factor reflects the consequence of cropping and management practices, and disturbance to the natural environment (in terms of agriculture, productivity, crop sequence and length of growing season) and sub-surface biomass for soil loss erosion. The watershed is characterized by a variety of land cover practices, both in the spatial and temporal dimensions. Limited availability of land has resulted in smaller land holdings of farmers and little or no mechanization in agriculture. However, intense utilization of land resources, such as by continuous cropping, is evident. The land use and land cover map was prepared from the LANDSAT 8 satellite image at 30 m resolution and was used for assigning C values to generate the soil loss map. Table 1 depicts the C values adopted for the study.



Predominant land cover types observed in the watershed are cropland and plantation categories. Scrub forests are significantly observed in the central region while settlements are abundant in the south. As a consequence, the crop factor is high in the central part and the northern fringe. The crop factor ranged between 0 and 1 (Figure 5).




2.9. Conservation Support Practice Factor (P)


This factor associates the soil-loss ratio of a specific support practice to the corresponding soil loss with upslope and downslope tillage [1]. It showcases the effects of practices that alter the quantity and rate of runoff, with the consequence of reduced erosion [4,20,28,36]. The values of P ranged from 0 to 1; are assigned based on the study of Schwab et al. [37], after modification based on field observations (Table 2). Figure 6 shows the spatial distribution of the P factor in the watershed.





3. Spatial Distribution of Soil Loss, Validation and Sensitivity Analysis


3.1. Soil Loss Map


Annual soil loss is estimated using the RUSLE equation in a GIS environment by integrating the factors R, K, LS, C and P using raster operations. The resulting spatial distribution showed a maximum of 3345 Mg·ha−1·y−1, with a mean of 2.77 and standard deviation of 26.84. The high standard deviation and low mean indicated the large spread in the range of soil loss values. Only 0.27% of the area has a very high rate of soil erosion (i.e., greater than 100 Mg·ha−1·y−1), which applies to completely eroded peaks. These peaks are found usually in abandoned land with scrub forests and are in isolation. The relatively thin vegetative cover and predominantly granular soil found in the region aggravates the problem of erosion [38]. However, once the extreme values are filtered, the soil loss in the study area ranged between 0 and 118 Mg·ha−1·y−1. The quantitative soil loss in the Palar sub-watershed was classified into three ordinal classes: low (<1.5 Mg·ha−1·y−1), moderate (1.5–25 Mg·ha−1·y−1) and severe (>25 Mg·ha−1·y−1). Nearly 81% of the watershed fell within the low (tolerable) soil loss category, while 4% was classified to the severe erosion hazard category (Table 3). Figure 7 shows the spatial variation of soil loss in the watershed. The central part and northern fringes of the watershed were identified to be more prone to erosion. Severe erosion-prone zones contained a significant percent of scrub forests (wasteland), abandoned land that was covered with scrubs and pockets of plantations, while moderate erosion-prone areas were dominated by cropland and plantations.




3.2. Validation


To assess the applicability of the method for this watershed, the results of the study were compared with regions of similar geo-environment and climate in the Western Ghats [6,28,39] and found to be analogous. Soil loss was below 1.5 Mg·ha−1·y−1, for most of the watershed, which was considered in the low category. However, 4% of the area was classified to the severe category where the soil loss was greater than 25 Mg·ha−1·y−1, and the remaining area was between the low and severe categories. Limited field verification was also carried out to validate the results, which also ruled in favor of the application of the method to this watershed.




3.3. Sensitivity Analysis


Sensitivity analysis was performed to study the effect of the factors used to calculate the soil loss in the local geo-environment. The analysis showed that the rainfall erosivity factor (R) and topographic factor (LS) have a profound impact on the magnitude of soil loss (Table 4) and are found to be the significant factors controlling soil loss in this watershed. The distribution of the erosion zones shifted to the south of the study area with the removal of the factors K, C and P. In particular, a significant shift in the moderate zones occurred with the removal of LS, C or P. There was a considerable increase in the severely affected erosion zone with the removal of LS. The crop cover management factor and conservation support practice factor had the least effect on the magnitude of soil loss and K had the least effect on the distribution of erosion-prone areas. Table 4 shows statistical significance of each factor. The results of the sensitivity analysis showed that each of the factors have a significant role in the assessment of erosion in this watershed. Soil loss calculated by integration of all the factors was observed to be more complimentary to field observations.





4. Results and Discussion


Erosion damages the soil system and hence is a major threat to sustainability [40]. Diverse land management strategies are required to address the concerns that arise from soil loss in an agricultural area. The results of the study show that rainfall erosivity, slope steepness and soil erodibility factors are the important physical parameters that govern soil loss, but also that the quantum of soil loss is controlled by the land use patterns of the region.



The study area is characterized by high intensity of rainfall and vastly undulating terrain by virtue of its altitude. Also, the lithology is susceptible to detachment as it comprises primarily granular soil cover; that is, a mixture of sand, silt and clay with high hydraulic conductivity. All of these factors promote a high rate of soil loss. The area is characterized by moderate steepness, which also provides a greater impetus to soil loss. Hence, it can be summarized that the region is prone to heavy soil loss and that land use can either deter or promote the magnitude of soil loss.



The spatial distribution of soil loss reinforces the fact that land use patterns of the region play a crucial role in controlling the erosion process. The two land use categories of concern are scrub forests and abandoned land with sparse vegetation, where erosion is severe, and cropland and plantation, which show moderate susceptibility to soil erosion and soil loss. Nearly 79 acres of plantation, 1021 acres of waste land and 4.2 acres of cropland, where systematic agriculture was carried out by terrace cutting and irrigation, also falls within the severe erosion zone, i.e., regions where terrain modification was extensive. Nearly 22% (1930 acres) of the total area occupied by plantations and 7% (250 acres) of cropland fell within the moderate soil loss category (Figure 8). The presence of erosion in commercially important land cover categories, such as plantation and cropland, calls for conservation measures, not only in the interest of the environment but also for the economic sustainability of the region. The higher rates of erosion in these land cover categories are an indicator of anthropogenic interference and its influence on erosion.



Scrubs are ineffective in thwarting soil loss. The vegetative cover is sparse and a considerable expanse of soil is devoid of vegetative cover. The nature of soil in the region is predominantly sandy with little or no cohesion [26], which further leads to removal of soil cover without any resistance and higher infiltration rates. Slope steepness augments this process by providing momentum to sediment transport. Moderately steep slopes are more susceptible to soil erosion by water as steep slopes have a very limited but resistant soil cover/lithology and gentle slopes do not provide impetus to sediment transport by virtue of their gradinent. In contrast, moderately steep slopes support considerable soil overburden and also abet sediment movement. Land management strategies in these zones should aim at re-vegetation to decrease erosion. This would also increase infiltration of water into the soil and biological activity [41]. In order to impede soil loss, the literature also suggests simple techniques, such as straw covers [42], residues [43], grass cover [44], geotextiles [45] and organic amendments [46]. Revival of the native Shola grasslands can be very effective in controlling soil loss in these regions.



Intense agricultural activity compounds the magnitude of soil loss due to continued tillage, absence of vegetative cover that holds the soil, soil compaction, unsuitable irrigation practices, and use of herbicides and biocides that tends to reduce the biological activity. As a consequence, the process of soil formation is also impeded [47]. This sequence of factors makes agricultural lands susceptible to degradation, promotes soil loss and deters soil formation, and highlights the need to identify unsuitable land management practices that damage soil quality and impede sustainable agricultural uses of soil [13,38,48,49] Educating farmers on good agricultural practices such as the use of organic manures and pesticides, providing know-how on healthy irrigation methods like drip irrigation, and subsidies for good farming practices can help combat soil loss in agricultural lands and plantations. Terraces can be protected by hedgerow grasses like Napier grass (Pennisetum purpureum, family: Poaceae), Leucaenea leucocephala and asparagus [27]. Minimal severe erosion was noticed in built-up areas where slopes can be riveted with pebbles or stones to control soil wash off; asparagus grass can also be grown on these slopes. Awareness programs for local farmers on the impact of soil erosion on long-term agricultural productivity are necessary to effect a sustainable solution. These will help in restoring the health of the watershed and deter its degradation. Knowledge of zones prone to soil erosion in a watershed is therefore essential for assessing its environmental degradation, and to plan soil conservation strategies to combat soil loss and improve its health. The results of this study suggest that distributed soil erosion analysis using simple techniques can serve as a vital planning tool, particularly where the local economy is dependent on agriculture and pressures on land are very high owing to rapid urbanization, as in this case. This awareness can enhance the understanding of the limitations of the terrain and, hence, play a major role in regional and local land use planning and management with sustainable development as a theme. At the planning stage, this is an effective and economic option.




5. Conclusions


The study brings to light the severity and impact of erosion in the Palar sub-watershed in the Western Ghats. Annual soil loss was estimated using the RUSLE empirical model in a spatial environment with the help of GIS. The study proves the usefulness of remotely sensed data in deriving the inputs for the RUSLE model, making the study cost efficient and practical, given the constraints of data from the region. The results of the study showed that all the factors—namely, R, K, LS, C and P—play a significant role in assessing the erosion potential of the region. The general undulating nature of the terrain and high drainage density provides the impetus for rapid removal of soil under the erosive effect of rainfall. Erosion was found to be severe in the central part of the watershed and its northern fringes. Scrub forests and waste lands appeared to accentuate soil loss. Erosion was also significant in plantations. This could be attributed to shifting agriculture and unhealthy agricultural practices; e.g., natural forests have been replaced with eucalyptus plantations and orchards. Terrain modification, particularly in the form of croplands and degradation of forests, also adds to the problem of erosion. The health of the watershed can be improved by restoring the native Shola grasslands, which are very effective in controlling erosion, particularly on steep terrain. The erosion hazard map can be a vital tool for watershed development and also help in local and regional planning.
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Figure 1. Map of the study area from a digital elevation model, with a maximum altitude of 2346 m above mean sea level. 






Figure 1. Map of the study area from a digital elevation model, with a maximum altitude of 2346 m above mean sea level.



[image: Water 10 01608 g001]







[image: Water 10 01608 g002 550] 





Figure 2. Temporal variation of rainfall erosivity (R) factor. 
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Figure 3. Spatial variation of soil erodibility (K) factor. 
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Figure 4. Topographic factor (LS) describing the effect of slope length and steepness. 
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Figure 5. Crop management factor (C). 
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Figure 6. Conservation support practice factor (P). 
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Figure 7. Spatial distribution of erosion classes. 
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Figure 8. Land use and land cover distribution in Palar sub-watershed. 
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Table 1. C values for different land use patterns (after Morgan [19], Hashim and Wong 1988, [35]).
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	Land Cover
	Average C Value
	Land Cover
	Average C Value





	Open Forest
	0.05
	Scrub
	0.01



	Built-Up Land
	0.05
	Dense Forest
	0.001



	Cropland
	0.45
	Planation
	0.05



	Water Bodies
	0.00
	Barren Land
	1.00
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Table 2. Adopted P factor values (after Schwab et al. [37] and modified based on field survey).
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	Land Use
	Slope (°)
	Conservation Support Practice Factor (P)





	Agriculture
	1–4
	0.11



	
	5–10
	0.09



	
	11–20
	0.18



	
	21–40
	0.00



	
	>40
	0.20



	Plantation
	All
	0.13



	All
	
	1.00
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Table 3. Soil loss distribution in the Palar sub-watershed.
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	Description
	Soil Loss (Mg·ha−1·y−1)
	Area (Hectares)
	% Area





	Low
	0–1.5
	8798
	81



	Moderate
	1.5–25
	1624
	15



	Severe
	>25
	435
	4
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Table 4. Sensitivity analysis of factors used in RUSLE model.
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	Description
	Minimum
	Maximum
	Mean
	Standard Deviation





	Removal of R
	0
	2.68
	0.0022
	0.022



	Removal of K
	0
	23.898
	19.298
	191.22



	Removal of LS
	0
	249.11
	35.39
	69.46



	Removal of C
	0
	3558.55
	7.53
	44.58



	Removal of P
	0
	3345.85
	3.196
	27.62
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