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Abstract. Riverine systems are influenced by historical and current land use practices linked to alterations in 

the riparian zone across multiple scales. This study aims to explore the trend of spatiotemporal land cover 

changes and configuration along a major headstream of the river Ganges in India. Geo-spatial tools were 

used to quantify the changes in the landscape across a time span of 22 years. Landscape configuration was 

quantified by applying class level metrics using the software FRAGSTATS. A loss of 18.3% and 5.5% in 

the dense forest class was perceived in the upland and the riverine areas respectively aided by conversion of 

large contiguous forests into smaller isolated patches. Markov analysis showed that the forests in the 

landscape still possess inherent resilience capacity as indicated by a probability of 47% conversion of open 

forest class to dense forest class in future based on current land-use practices. Land cover changes and forest 

fragmentation can have inevitable impacts on ecological functioning and species persistence. Monitoring 

these changes is fundamental in planning future strategies for riverine landscape management. The present 

study underpins the utility of remote sensing and GIS in building useful baseline data for inaccessible 

mountainous landscapes at both local and regional scales. 

Keywords: Bhagirathi basin, fragmentation, landscape change, landscape-level assessment, riverine 

landscape 

Introduction 

Natural riverine landscapes are classic examples of ecotonal habitats characterized by a 

high level of heterogeneity. Multiple interactive pathways operating across various 

spatiotemporal scales determine the dynamic structure and function of these terrestrial-

aquatic continuum habitats (Steel et al., 2010). River form linear corridor features in the 

landscapes they traverse; montane river systems characteristically being single-thread 

channels bordered by a narrow band of native riparian vegetation (Ward et al., 2002). 

Riverine forests grow along the riverbanks and their structural composition is unique and 

highly influenced by the river’s fluvial activities (Naiman et al., 1993). They provide 

multiple ecosystem services (Tomscha et al., 2017; Sutfin et al., 2016); providing habitats to 

diverse organisms (Dybala et al., 2019) and maintaining a network of dispersal corridors 

(Naiman et al., 2005). Riverine forests support high densities and diversities of migratory 

birds by providing a critical habitat and the only edge cover available to them during 

migration (Naiman et al., 1993; Gergel et al., 2007). 

Forests are losing their resilience capacity at an increasing rate, often irreversibly due to 

large-scale changes occurring at an unprecedented rate (Wilson, 1992). Forest 

fragmentation is a global concern, effects of which are well documented in climatic, 

biophysical and hydrological cycles (Ramanathan et al., 2005), biodiversity and associated 

ecosystem services (Xu et al., 2009). Fragmentation has impacts on the overall health of the 
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forest ecosystem. Forest loss and changes in forest configuration impedes the survival of the 

forest dependent species (Villard et al., 1999; Bogaert et al., 2011). India is endowed with a 

forest cover of 21.34% (FSI, 2015) of its total landmass and is ranked tenth in the world in 

terms of the extent of forest cover (FAO, 2010). Although, escalating human population is 

increasing dependence on forested landscapes for space and resources leading to the 

degradation of forests, fragmentation being a major corollary (Roy and Roy, 2010). In the 

state of Uttarakhand, anthropogenic pressure has led to dwindling of forest cover with a loss 

of 268 km2 area in a span of two (2013-2015) years (FSI, 2015) with individual case studies 

from different districts providing strong evidences in the same line (Rawat and Kumar, 

2015; Rawat et al., 2013). 

Hence, it is critical to assess the current condition of vegetation in a landscape for its 

conservation and designing future restoration programs (Egbert et al., 2002; He et al., 

2005). Discerning the patterns of vegetation change within a landscape can provide a basis 

for future monitoring and addressing its management (Gould, 2000). Remote sensing offers 

the best tool to analyze, map, and monitor ecosystem patterns and processes. It facilitates 

possible data archives from present time to over several decades back due to its potential for 

observing the Earth’s surface at different times (Ety and Rashid, 2019; Xie et al., 2008). 

Change is an inherent characteristic of a landscape driven by natural and anthropogenic 

drivers shaping its structure, function and dynamics. Detecting change is an important 

aspect for studying landscapes that are dynamic and continuously changing, where change 

is ‘an alteration in the surface components of the vegetation cover’ (Milne, 1988) or ‘a 

spectral/spatial movement of a vegetation entity over time’ (Lund, 1983). 

This study aims to explore the use of geo-spatial tools in monitoring landscape changes 

for inaccessible areas in mountainous terrains across spatial and temporal scales. Advanced 

tools like FRAGSTATS (McGarigaI and Marks, 1994; Neel et al., 2004) and simulation 

models using Markov analysis were used to understand patterns of forest fragmentation and 

predicting future scenarios in the backdrop of current land-use patterns. The study is 

intended to a comparative understanding of Land-Use and Land-Cover (LULC) change and 

forest fragmentation events in riverine stands in contrast to the entire river basin. 

Materials and methods 

Study area 

The river Ganga is the largest and longest river of India and a lifeline to millions of 

humans (supporting > 40% of the total population; sustaining 520 people per sq. km) 

(Census of India, 2001). It is also listed among ‘the top 10 rivers of the world at risk’ 

because of over-extraction of water resources (Wong et al., 2007). The mountainous 

catchment of the river Ganga is formed by the two Himalayan rivers - the Bhagirathi 

and the Alaknanda. The study area i.e. the Bhagirathi basin spreads across three 

administrative districts of Garhwal region viz., Tehri, Pauri, and Uttarkashi in the state 

of Uttarakhand, Western Himalaya (Fig. 1). We focused our study along the river 

stretch between Gaumukh, the origin of the Gangotri glacier (30°55’37.35”N lat. and 

79°4’46.98”E long.) and Rishikesh (30°05’12.94”N lat. and 78°16’3.40”E long.), where 

the river enters the plains encompassing an elevational range of 4100 to 330 m above 

sea level. Due to enormous hydro-power potential, many operational and proposed 

hydro-electric projects exist enroute the Bhagirathi River (Rajvanshi et al., 2012). The 

characteristic species representing various vegetation types include Shorea robusta, 

Mallotus philippensis, Acacia catechu, Bauhinia variegata, Toona ciliata, Celtis 
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australis, Pinus roxburghii, Alnus nepalensis, Pinus wallichiana, Populus ciliata, 

Cedrus deodara and Betula utilis in association with a large number of shrubs and 

herbaceous flora. The climate of the state of Uttarakhand is primarily temperate except 

for the plains, with temperatures ranging from below 0 to 43 °C with an annual rainfall 

of 1550 mm (Government of Uttarakhand, 2014). 

 

 

Figure 1. Location of Bhagirathi river basin in the state of Uttarakhand in India and 

diagrammatic sketch (right side) represents the cross-section of riverine buffer (2 km long and 

1 km wide) on either side along the Bhagirathi river 

 

 

Data procurement and processing 

Past studies on LULC changes have been carried out by using remote sensing data 

sets (Halmy et al., 2015), such as MODIS (Alhamdan et al., 2017), Landsat (Osgouei 

and Kaya, 2017) and SPOT (McCarthy et al., 2018). Since, Landsat offers optimum 

spatial and spectral resolutions and multi-temporal archives to understand the changes 

over space and time, it is best suited for this study. Cloud-free Landsat satellite data of 

30 m spatial resolution was downloaded from USGS Earth Explorer 

(www.earthexplorer.usgs.gov) for the month of May for the years 1993 and 2015. The 

imageries of the path and row 146/38 and 146/39 were subsequently mosaiced for 

further image interpretation (Table 1). Preprocessing was performed in Erdas Imagine 

2013 and ArcGIS 10.1 before classifying the images, including radiometric correction 

and topographic normalization. Normalization algorithms aided in removing albedo 

variations and topographic effects associated with remote sensing data acquired for 

mountainous regions. To remove topographic effects resulting from the position of the 

sun and angle of terrain, an algorithm called Minnaert correction was used (Allen, 2000; 

Ge et al., 2008). 
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Table 1. Details of the Landsat satellite images used as the primary dataset for 

spatiotemporal LULC change analysis and forest fragmentation 

Landsat 5 (1993) Landsat 8 (2015) 

Bands 
Spectral 

resolution (μm) 

Spatial 

resolution (m) 
Bands 

Spectral 

resolution (μm) 

Spatial 

resolution (m) 

B1- Blue 0.45-0.52 30 B1- Coastal 0.43-0.45 30 

B2- Green 0.52-0.60 30 B2- Blue 0.45-0.51 30 

B3- Red 0.63-0.69 30 B3- Green 0.53-0.59 30 

B4- NIR (Near 

infrared) 
0.76-0.90 30 B4- Red 0.64-0.67 30 

B5- MIR 

(Middle 

infrared) 

1.55-1.75 30 
B5- NIR (Near 

infrared) 
0.85-0.88 30 

B6- Thermal 

infrared 
10.40-12.50 120 

B6- SWIR 1 

(Short wave 

infrared) 

1.57-1.65 30 

B7- MIR 

(Middle 

infrared) 

2.08-2.35 30 

B7- SWIR 2 

(Short wave 

infrared) 

2.11-2.29 30 

   
B8- Pan 

(Panchromatic) 
0.50-0.68 15 

   B9- Cirrus 1.36-1.38 30 

   

B10- TIRS 1 

(Thermal 

infrared sensor) 

10.6-11.19 100 

   

B11- TIRS 2 

(Thermal 

infrared sensor) 

11.5-12.51 100 

 

 

A reconnaissance field survey was undertaken before classifying the image and ground 

truth points were collected during subsequent field surveys across the entire river basin. 

Processed False Color Composite (using the spectral band combination of Near-infrared, 

Red and Green) for the years 1993 and 2015 were classified using unsupervised 

classification (ISODATA technique) beginning with 100 classes and then decreasingly 

grouping together into eight land cover classes namely, dense forest, open forest, shrubland, 

grassland, agriculture, barren land, river and snow. To validate the remotely sensed data, 

ground truth points were gathered from on ground surveys and Google Earth generated 

points to improve accuracy of classified LULC images. The classification accuracy for the 

images of the two years was measured using the agreement between predicted and observed 

(field validation points) categories of a dataset, while correcting for agreement that occurs 

by chance (Jenness and Wynne, 2005). It made use of overall accuracy (OA) of the model 

in terms of both predictive model and field surveyed sample points, to correct for chance 

agreement between the both. Around 270 ground truth points collected through extensive 

field surveys aided in improving the classification accuracy. 

 

Landscape configuration and temporal change 

We calculated the area under the eight land cover classes in ArcGIS 10.1 to 

understand current landscape configuration of the Bhagirathi river basin along with 
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temporal change across a period of two decades. Markov chain prediction using IDRISI 

GIS Analysis in TerrSet software was performed to develop the probability matrix for 

future transitions resulting from the cross-tabulation between the earlier and later times’ 

land cover images. This matrix calculates the probability of a given class pixel to 

change into any other class or stay the same in the next time period. In a Markov Chain 

transition, the probability ( ) that a phenomenon exists in state aj if it was in state ai 

at a previous time is denoted by the following equation: 

 

   
 

A landscape is characterized by various land-use and land-cover configurations 

which is dynamic over time, hence depicts a Markov Chain matrix that encapsulates 

multiple transitions: 

 

   
 

where   is the probability of transitioning from one state  to a different state 

or to multiple states ( , ,... ) (Wilson et al., 2018). 

FRAGSTATS 4.2.1 was used to quantify the spatiotemporal changes in the structural 

characteristics reflecting the ecological process and consequent pattern in the landscape. We 

used class-level metrics to understand the status of forested areas at two scales, for the entire 

landscape and the riverine buffer (considering a distance of 1 km on either side). We 

investigated the change in forest class across the landscape using patch density (PD), largest 

patch index (LPI) and percentage of the landscape (PLAND) under the patch area metrics, 

the area of the patch (AREA MN) under the shape metrics, clumpiness index (CLUMPY) 

and aggregation index (AI) under the interspersion metrics. PD is expressed as the number 

of patches on a per unit area basis and is considered as general index of spatial 

heterogeneity of the entire class in a landscape mosaic. LPI at the class level quantifies the 

percentage of total landscape area comprised by the largest patch and is a simple measure of 

dominance. PLAND quantifies the proportion of particular patch type of a class in a 

landscape and approaches zero when the class becomes increasingly rare in the landscape. 

Area MN or mean patch size is a measure of fragmentation in a landscape as the smaller the 

mean patch size the more fragmented is the focal class in a landscape. Both AI and 

CLUMPY are calculated from adjacency matrix which means a single, compact patch type 

is achieved when the AI approaches maximum value while clumpiness index values varies 

between -1 to + 1 indicating maximum disaggregation or aggregation of the focal patch 

type (McGarigal and Marks, 1995). For further insights regarding changes in the riverine 

forest stands, we also analyzed patch properties along both the banks of the Bhagirathi river. 

A total of 123 units of 2 km length each were created on the river (linear shapefile) with 

the aid of the Split tool in ArcGIS10.1 (Fig. 1). Thereafter, the Buffer tool was used to 

create a buffer of 1 km width on both sides of the river. Hence, we created 123 segments of 

2 km2 area on both sides of the river for performing FRAGSTATS analyses in the riverine 

buffer. With a special focus on understanding the pattern of forest fragmentation in these 

narrow linear habitats, we used class-level FRAGSTATS analyses. Metrics used for this 

analysis were identical to those used for comprehending spatiotemporal pattern of forest 

structure in the entire landscape for enabling a comparative understanding. 
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Results 

Landscape configuration and temporal change 

The entire river basin comprised of a total area of 11389 km2. The overall accuracy 

of the classified images for the years 2015 and 1993 were 85.1% and 87.2%, 

respectively. The LULC pattern for the year 2015 indicated 24.1% of the land under 

dense forest class followed by, open forest (24.3%), shrubland (3.1%), grassland 

(5.6%), agriculture land (4.5%), barren land (7.1%), river (0.6%) and snow cover 

(30.6%). The dense forest markedly declined (18.3%) across the time span of 22 years, 

although the overall area under forests has relatively not undergone much change 

(Table 2). The open forest class showed an increase (18.3%) in the entire river basin. 

Agriculture class (increase of 2.5%) was found uniformly distributed in the entire 

landscape barring higher altitudes with a significant concentration along the rivers 

(Fig. A1 in the Appendix; Table 2). The buffer of a width of 1 km encompassing an area 

of 409.9 km2 varied in composition, although it reflected almost similar trends of 

landscape change as of the entire basin (Table 2). 

 
Table 2. An area-wise comparative analysis of spatiotemporal change (increase depicted as 

positive [+] and loss as negative [-]) of land cover between 1993 and 2015 in Bhagirathi 

basin (total area = 11389 km2) and 1 km buffer along both the sides of Bhagirathi river 

(total area = 490.9 km2) 

Land cover class 

Basin Buffer 

1993 2015 
% Change 

1993 2015 
% Change 

Area (km2) Area (km2) Area (km2) Area (km2) 

Dense forest 4830.9 2746.2 -18.3 201.7 174.7 -5.5 

Open forest 683.8 2768.1 18.3 55.9 109.7 11.0 

Shrubland 508.4 358.7 -1.3 59.8 7.9 -10.6 

Grassland 672.8 636.4 -0.3 67.7 52.7 -3.1 

Agriculture 226.2 507.7 2.5 15.1 45.9 6.3 

Barren land 1136.7 814.2 -2.8 62.2 54.3 -1.6 

Snow 3282.0 3486.9 1.8 3.8 5.0 0.2 

River 48.5 70.8 0.2 24.8 40.8 3.3 

 

 

The study area depicted a decline in dense forest areas across the entire Bhagirathi 

basin (4830.9 km2 to 2746.2 km2) as well as in the riverine buffer (201.7 km2 to 174.7 

km2) (Table 2). There was a substantial increase in the open forest class in both buffer 

areas and entire basin, whereas shrubland decreased significantly in the riverine buffer 

(10.6%). The area under river class increased markedly from 48.5 km2 (1993) to 70.8 

km2 (2015) owing to land submergence by the Tehri dam, which became operational in 

the year 2008 and is conspicuous in the map (Fig. A1). Area under shrubland and 

grassland categories decreased across time, remarkably in the riverine buffer 

(Shrubland-10.6%, Grassland-3.1%). Agricultural land increased across the entire basin, 

comparatively more in the riverine areas. The riverine buffer units (Fig. 2; Table A1 in 

the Appendix) depict the similar trends where dense forest showed mostly a negative 

change while open forest and river showed a positive change across a span of 22 years. 
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Figure 2. Box and whisker plot illustrating the area-wise percentage change of Land use/Land 

cover categories from the years 1993 to 2015 in the 123 riverine buffer units (4 km2 area) along 

both the banks of the Bhagirathi River 

 

 

Results of Markov analysis reveal that areas under open forest in the entire 

Bhagirathi basin still hold an equal probability (0.47) of reverting back to dense forest 

and vice-versa by the year 2037 (Fig. 3) depending on the current land-use practices. 

Area under grassland showed a significant probability of getting converted into open 

forest (40%). The probabilities of shrubland getting converted to open forest and vice-

versa are comparatively similar and smaller in magnitude, while the probability of 

desertification (conversion of open forest into barren land) was found to be negligible 

(2%). 
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Figure 3. Land cover/Land use transition probabilities as predicted for the year 2037 (22 

years) using Markov analysis (values within box denotes self-replacement probability and 

values on arrows are their transition probabilities to other land-cover classes) 
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Forest integrity and intactness 

Results of FRAGSTATS analysis indicate fragmentation events with an increase in 

the number of patches (1993: 30166 and 2015: 31978) and patch density (1993: 2.65 

patches km-2, 2015: 2.81 patches km-2) and decrease in the Large Patch Index (LPI; 

1993: 46.0% and 2015: 40.1%) for the forested areas in the Bhagirathi basin. Patch 

density is a fundamental aspect of landscape pattern and serves as a general index of 

spatial heterogeneity of the entire landscape mosaic. LPI essentially quantifies the 

percentage of total landscape area comprised by the largest patch and is a simple 

measure of dominance. The river basin has undergone a drastic increase in patch density 

with decreasing LPI in the basin, indicating the disintegration of existing forest patches 

into smaller fragments. 

Proportion of Landscape (PLAND) values decreased in the dense forest class from 

42.5% (1993) to 24.1% (2015) while simultaneously increasing in the open forest class 

from 6.0% to 24.3%, providing evidence for the process of conversion of dense forest to 

open forest (Table 3). Values for Aggregation Index (AI) has decreased moderately in 

the dense forest type indicating decrease in intactness. In contrary, AI values increased 

for the open forest class hinting towards decreasing distance between neighbouring 

patches of this class. The overall status of forests in the Bhagirathi basin portrayed more 

patchiness in the dense forest class with patches of open forest getting clustered together 

with time. 
 

Table 3. Comparative analysis of forest fragmentation using class metrics (dense forest and 

open forest) between the years 1993 and 2015 in the Bhagirathi basin 

Forest 

type 
Year 

PLAND 

(%) 
NP 

PD (number of 

patches/km2) 
LPI (%) 

AREAMN 

(km2) 
CLUMPY AI (%) 

Dense 
1993 42.49 44952 3.96 34.44 10.74 0.82 89.92 

2015 24.12 119856 10.43 1.9 2.29 0.65 73.4 

Open 
1993 6.02 109691 9.66 0.01 0.62 0.47 50.22 

2015 24.31 60486 5.32 4.41 4.57 0.68 75.65 

NP: Number of Patches, PD: Patch Density, LPI: Large Patch Index, PLAND: Proportion of Landscape, 

AREA MN: Area Mean: CLUMPY: Clumpiness Index, AI: Aggregation Index 

 

 

Although it is useful to consider forest fragmentation at the landscape level, the 

quality of the forest is best realized when focusing on a single habitat type i.e. smaller 

geographic extent. The forest communities along riverbanks are central elements of 

riverine landscapes undergoing maximum interactions at the terrestrial-aquatic 

interface. Results of FRAGSTATS analyses for 123 units along both the banks of the 

Bhagirathi river were noteworthy for the riverine forest cover (Fig. 4). There was 

minimal change in the patch density in the units 1-3 (Fig. 4) which belong to the high-

altitude areas forming treeline, consisting stands of Cedrus deodara which have 

remained relatively intact temporally. This can be owing to the inaccessibility of these 

areas due to their remoteness and also because this forested land is protected under the 

Gangotri National Park. A similar trend exists for units 110-123, which lie around the 

town of Rishikesh where riverine stands comprise of late successional species like 

Holoptelea integrifolia and Haldina cordifolia which are well established and less prone 

to disintegration. Temporal fluctuations in patch density showed spatial patterns with 
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three distinct peaks. Increase in patch density in the higher elevation river reaches can 

be owed to the natural riverine vegetation in this belt (units from 15-30). Forest 

community here comprises of Alnus nepalensis and Populus ciliata both of which are 

early successional species and grow well on eroding slopes and open flat sites, 

respectively. LPI has considerably been constant across the entire riverine stretch 

(Fig. 4) with a little increase around the submergence zone of Tehri dam followed by an 

increase in patch density (units around 40-60) depicting the afforestation activities near 

Tehri dam in an area of 138.4 km2 under Forest Department plantation scheme raised in 

the year 2010-11. 

 

 

Figure 4. Graphs comparing fragmentation events of the years 1993 and 2015 for two class 

level indices. (a) Patch density and (b) large patch index for forest class in the 123 riverine 

buffer units (2 km long and1 km wide) along both the banks of the Bhagirathi river 

Discussion 

Spatiotemporal landscape change has been studied for varied applications including 

planning and management of urban sprawl (Vani and Prasad, 2019), understanding 

dynamics of vegetation cover change (Kaur et al., 2019), forest connectivity for wildlife 

(Areendran et al., 2017) and watershed planning and management (Wilson et al., 2018). 
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Riverine landscapes are fragile and dynamic in nature (Miles et al., 2004) and consist of 

plant species with narrow distribution ranges (Silva et al., 2008) which renders the 

characteristics of riverine vegetation to be markedly different in structure and function. 

This makes the riverine ecosystem more vulnerable to extreme events and natural 

disasters, and thus, an important landscape to understand and manage (Stella and 

Bendix, 2019). The Himalayan river systems are undergoing major modifications 

through changes in land use, climate and water resource development (Rajvanshi et al., 

2012; Manel et al., 2000). A similar study was found useful for knowledge-based future 

land management practices in the Upper Awash basin, Ethiopia where river basins and 

sub-basins were considered as focal area to study the extent and the rate of landscape 

change (Shawul and Chakma, 2019). Our study is a pioneering attempt of landscape-

level assessment, ascertaining forest fragmentation patterns by select metrics across a 

time-span of two decades containing a substantial amount of riparian stands, which are 

otherwise not protected by law (Roy et al., 2013). Results highlight considerable 

conversion of dense forest into open forest characterized by the proliferation of much 

smaller, less connected forest patches in the studied landscape. Although rates of forest 

fragmentation were found to be appreciable, the forests of the landscape exhibited 

marked resilience capacity as portrayed by the results of the Markov transition 

probability matrix (Fig. 2). A remote-sensing-based analysis of the forest cover in the 

Western Himalaya during the years 1985–2005 also indicated significant degradation in 

the forest cover during two decades as depicted by our study (Roy and Rathore, 2019). 

The composition and spatial configuration of the landscape matrix have multiple 

cascading effects mediated by disproportionate edge and area ratios which can 

profoundly affect dispersal- colonization dynamics (Dunning et al., 1992; Gascon et al., 

1999) and habitat use (Antongiovanni and Metzger, 2005; Norton et al., 2000) of 

animals. The magnitude of change in select landscape matrices used to quantify patterns 

of landscape composition and configuration can influence ecological communities 

dependent on these forest patches (Donovan, 1997; Rodewald and Bakermans, 2006). In 

our study, the decrease in the LPI in the basin with rise in the number of patches 

highlights internally driven dynamics within patches themselves (Woodroffe and 

Ginsberg, 1998; Chen et al., 1995). Results of Fragstats analysis brings forth the fact 

that patches under the dense forest category are undergoing isolation with time whereas 

patches of open forest are clumping together (Table 2). Fragmented vegetation reduces 

overall plant species richness, encourages edge species and discourages interior forest 

species (Solbrig, 1992), hence modifying the entire structure of communities (Haddad et 

al., 2015). Intact large patches of natural vegetation persist in areas protected by legal 

restrictions and forests in inaccessible terrains (high-altitude region) (Fig. 3). In future, 

patch level analyses can be performed to comprehend the underlying factors that have 

resulted in the distinct spatial patterns observed in the forest. 

The Ganga basin has the highest dam density (1/18 of the river channel being 

dammed) followed by Brahmaputra (1/35 km) and the Indus (1/36 km) in the Indian 

Himalayan Region (Pandit and Grumbine, 2012). Due to the development of Tehri dam, 

Koteshwar hydropower plant and Kotli-Bhel hydropower project (under development in 

Bhagirathi basin), approximately 68.03 km (31%) of the Bhagirathi river is being 

diverted, whereas 85.4 km2 (39%) of the riverine area has been submerged (Rajvanshi et 

al., 2012). Dams alter the natural flow of rivers and streams, thus changing the 

temperature and chemical composition of water which determines the distribution of 

riverine tree species (Bergkamp et al., 2000). A large number of dams along the course 
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of the Bhagirathi river has resulted in modification of the native riverine vegetation 

owing to altered micro-climatic regimes and afforestation activities by Forest 

Department around the Tehri region highlighted by an increase in the LPI in this region 

(Fig. 3). Landslides are common in montane river networks and cause considerable loss 

to riverine forest stands on a regular basis. Hence, quantifying the landscape change in 

the riverine buffer is concerning in the backdrop of vulnerability to natural disasters. 

Over the last several decades, riverine buffers have been employed as a conservation 

tool in an attempt to maintain natural processes and functions in running-water 

ecosystems and consequently protect native aquatic organisms (Richardson et al., 2005; 

Marczak et al., 2010; Kuglerová et al., 2014). Their biodiversity values render them as 

hotspots for adaptation to climate change in the near future (Das, 2014; Pandey et al., 

1999). The current study is useful in filling the information gap for remote terrains, 

features predominant in the Himalaya, which are poorly researched due to 

inaccessibility. Such understanding is required for realization of the vulnerability of 

these systems, which are ever dynamic, and thus, necessitates the need to conduct the 

study at a broader scale of time and space. 

Conclusion 

India is endowed with a magnificent river basin network; water resources having an 

overriding influence on the socio-economic development of the country. This 

necessitates the establishment of baseline information for monitoring these systems and 

for developing local and national policies for guiding conservation programmes. 

Riverine landscapes are one of the most human-dominated areas eliciting increased 

developmental activities in and around the river. Dams which have comparatively 

larger-scale consequences, require machinery and manpower for building and 

maintenance, steering rapid growth of cities and settlements around; accelerating the 

process of habitat loss and forest fragmentation in riverine areas. Given their high 

productivity values and increasing degradation rates, periodic monitoring of forest 

fragmentation dynamics and change in land cover needs to be documented 

systematically and at regular time intervals. The use of satellite imageries with higher 

spatial/spectral resolution can aid in identifying the underlying drivers of landscape 

change and substantially add to such initiatives to better understand the magnitude and 

direction of landscape change and forest fragmentation. Delineating the rate of change 

from one class to another and using more comprehensive fragmentation index including 

patch-level analysis can aid in understanding the trends of future land use/land cover 

conversion to determine the resilience of these important riverine systems. 

Riverine forests are fragile and have immense bio-diverse and socio-economic 

significance. Hydrologic alteration caused by river regulation alters the vital processes 

which establish and maintain riverine vegetation. The site-specific ecological 

consequences of natural and human induced changes remain challenging to predict and 

address. This is often associated with the difficulty in delineation of riparian buffers 

from the remaining landscape. Identifying intact forest patches of enhanced biodiversity 

values along the river can substantially aid in effective management and conservation. 

The overall trends that emerge from our study give a synoptic view of landscape change 

and forest fragmentation processes which can be beneficial in navigating conservation 

efforts towards biodiversity management at a large scale, and particularly in difficult 

mountain terrains predominant in the Himalaya. There is a dire need to conduct 
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scientific studies on the flora and fauna of such fragmented habitats. The research can 

further be upgraded by understanding the underlying drivers of landscape change and 

potential causes of the forest fragmentation. Hence, a combination of both 

anthropogenic and climatic drivers can give us a holistic understanding of the actual 

causes underlying the fragmentation of riverine landscape features in the future. 

Pertinent research aiming to understand the role of fragmented vegetation in species 

conservation and devising novel approaches of possible restoration programmes for 

such fluvial landscapes is vital for future conservation. 
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APPENDIX 

 

Figure A1. Land cover maps depicting temporal change (a: 1993 and b: 2015) in the eight land 

cover types namely, dense forest, open forest, shrubland, grassland, agriculture, barren land, 

snow and river) of the Bhagirathi basin. 
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Table A1. Percentage landscape change of eight land cover classes from 1993 to 2015 in the 

123 buffer unit (area = 4 km2 each) s along the river Bhagirathi 

Buffer 

units 

Dense 

forest 

Open 

forest 
Shrubland Grassland Agriculture 

Barren 

land 
Snow River 

1 -16.3 -1.3 -16.4 4.9 13.0 16.0 0.0 0.2 

2 0.1 -0.3 -0.2 0.4 0.0 -11.5 11.5 0.0 

3 0.9 -3.2 -1.3 -3.3 0.0 -1.6 8.5 0.0 

4 -11.0 -7.6 -3.6 8.7 1.0 5.4 7.1 0.0 

5 -0.8 -9.9 -3.3 6.2 0.6 2.2 5.0 0.0 

6 22.6 -15.7 -2.9 -9.6 0.9 1.6 3.0 0.0 

7 12.5 -10.1 -5.1 4.7 0.9 -3.4 0.5 0.0 

8 14.0 -7.7 -4.3 -1.9 2.5 -3.5 1.0 0.0 

9 10.3 -8.0 -4.5 2.4 2.5 -2.7 0.0 0.0 

10 21.3 -10.9 -5.6 -8.7 3.1 0.7 0.0 0.0 

11 11.3 -7.1 -6.2 -2.7 3.2 -0.1 0.2 1.4 

12 10.8 -3.6 -2.6 -6.2 1.0 -1.3 0.0 1.8 

13 11.2 -2.2 -3.7 -5.4 2.0 -2.2 0.0 0.2 

14 4.6 0.2 -2.4 -3.3 2.1 -1.4 0.0 0.1 

15 -6.2 8.2 -3.2 -0.9 3.3 -1.7 0.0 0.6 

16 -9.8 10.0 -6.8 -1.5 6.3 -0.1 -0.4 2.4 

17 -3.0 4.0 -9.2 -0.2 9.4 -2.8 -2.1 4.0 

18 -9.5 8.4 -10.6 2.7 10.6 -2.7 -1.0 2.1 

19 -4.1 0.3 -5.9 7.9 4.9 -4.6 -0.7 2.1 

20 5.5 -4.9 -12.4 4.3 12.2 -6.3 -1.8 3.4 

21 9.5 -9.7 -15.1 12.0 13.4 -10.3 -1.1 1.4 

22 4.9 -6.8 -18.8 16.5 12.2 -9.8 -0.9 2.6 

23 -1.4 -6.5 -2.8 10.6 2.4 -3.2 0.4 0.5 

24 -16.1 5.1 -5.8 11.3 6.8 -1.9 0.0 0.6 

25 -13.1 -0.8 -3.3 15.2 4.2 -1.5 0.0 -0.8 

26 -7.4 0.4 -6.6 10.4 8.5 -5.9 0.0 0.6 

27 -20.0 1.6 5.2 11.0 5.2 -2.1 0.0 -0.9 

28 -18.9 -0.5 6.9 11.2 0.2 1.4 0.0 -0.2 

29 -28.8 0.5 -1.0 24.8 5.0 -0.4 0.0 0.0 

30 -23.7 16.4 -7.4 7.9 7.4 -0.4 0.0 -0.3 

31 -22.1 23.9 -9.7 3.3 3.6 1.0 0.0 -0.1 

32 -24.5 1.8 1.1 17.3 3.2 0.9 0.0 0.1 

33 -21.9 0.8 13.5 17.5 -11.5 1.1 0.0 0.6 

34 -14.0 11.6 10.1 16.9 -19.7 -3.7 0.0 -1.3 

35 -21.7 16.5 15.8 24.1 -26.8 -8.5 0.0 0.7 

36 -21.9 17.8 6.3 16.4 -19.4 1.1 0.0 -0.4 

37 -29.4 22.8 -3.7 21.2 -11.2 0.6 0.0 -0.3 

38 -31.5 9.7 1.5 18.5 -0.9 2.9 0.0 -0.1 

39 -15.3 5.8 0.0 4.2 2.9 3.2 0.0 -0.7 

40 -9.5 14.9 -8.6 -4.9 5.1 4.6 0.0 -1.6 

41 19.0 -7.3 -10.8 -6.1 4.7 1.1 0.1 -0.8 

42 -5.4 2.6 -6.6 7.7 3.2 -0.9 0.0 -0.5 
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43 27.4 11.0 -22.3 -19.4 4.5 -0.4 0.0 -0.9 

44 15.2 2.5 -15.9 -6.5 3.7 1.0 0.0 -0.1 

45 23.5 -9.1 -7.5 6.4 -5.0 -7.8 0.0 -0.6 

46 28.7 1.5 -9.4 -9.5 5.2 -18.5 0.0 2.0 

47 29.9 15.6 -7.1 -1.8 -31.3 -6.3 0.0 1.0 

48 18.0 18.5 -13.4 3.2 -2.8 -24.8 0.0 1.3 

49 20.5 6.2 -11.6 -4.1 7.1 -11.0 0.0 -7.2 

50 -0.7 8.6 -13.8 5.3 3.2 -3.2 0.0 0.5 

51 18.4 -0.7 -22.2 3.7 5.0 -2.9 0.0 -1.3 

52 16.0 4.5 -6.7 -8.0 8.5 -13.3 0.0 -1.1 

53 26.8 -2.1 -12.0 -8.9 4.6 -5.5 0.0 -2.8 

54 21.2 2.3 -23.2 -5.6 13.5 -6.9 0.0 -1.3 

55 20.3 9.9 -43.6 -1.2 21.3 -6.0 0.0 -0.7 

56 26.5 -8.4 -22.1 -3.8 6.7 1.9 0.0 -0.9 

57 25.2 -2.7 -23.6 -4.1 5.8 1.7 0.0 -2.3 

58 12.5 13.5 -22.6 -18.3 14.0 2.4 0.0 -1.6 

59 25.6 3.6 -20.7 -15.7 8.9 1.3 0.0 -3.0 

60 8.1 15.2 -20.1 -4.6 4.8 -2.7 0.0 -0.7 

61 3.3 9.2 -14.4 -6.1 4.4 4.5 0.1 -1.1 

62 8.2 15.1 -30.6 -10.6 10.6 7.0 0.0 0.2 

63 10.7 12.8 -30.8 -7.3 15.8 -2.5 0.0 1.2 

64 17.3 2.7 -36.2 -4.7 16.7 2.3 0.0 2.1 

65 9.3 7.2 -43.4 -9.9 13.0 18.1 0.0 5.7 

66 7.5 0.4 -32.8 3.8 9.8 -0.8 0.0 12.0 

67 10.9 4.5 -35.1 -3.5 14.4 -0.8 0.0 9.6 

68 12.1 -10.7 -22.1 -5.4 7.4 4.3 0.0 14.5 

69 11.7 -7.0 -25.9 -14.2 17.6 3.7 0.0 14.1 

70 10.4 -4.7 -24.1 -9.3 14.3 -2.9 0.0 16.3 

71 3.2 10.1 -39.4 -22.2 10.9 6.3 0.0 31.2 

72 19.3 8.6 -35.3 -8.4 -1.1 -10.3 0.0 27.3 

73 6.7 7.1 -27.9 -13.4 -0.5 -12.2 0.0 40.3 

74 3.4 2.4 -24.0 -21.5 -5.3 -25.1 0.0 70.1 

75 -2.2 2.5 -10.0 -21.9 -6.4 -28.6 0.0 66.6 

76 -2.2 5.5 -18.5 -17.0 3.4 -20.0 0.0 48.8 

77 0.3 11.7 -9.4 -2.6 3.2 2.3 0.0 -5.4 

78 3.7 7.1 -20.1 0.3 14.8 -7.3 0.0 1.5 

79 7.0 6.8 -21.8 -0.4 14.6 -8.6 0.0 2.4 

80 2.4 5.9 -16.9 -0.7 8.7 -3.3 0.0 3.8 

81 -39.0 38.0 -8.8 -5.6 8.7 0.1 0.0 6.6 

82 -10.9 9.3 -11.3 -6.9 8.9 0.1 0.0 10.8 

83 -22.0 12.7 -3.7 -1.0 3.7 0.7 0.0 9.6 

84 -17.6 4.2 -7.7 -6.2 11.2 5.0 0.0 11.1 

85 -9.3 12.3 -8.5 -5.3 9.1 -0.5 0.0 2.2 

86 -33.8 41.9 -2.7 -8.2 3.7 -0.2 0.0 -0.7 

87 -13.2 24.8 -15.1 -11.7 18.0 -2.3 0.0 -0.5 

88 -7.8 21.4 -10.8 -12.5 16.2 -6.6 0.0 0.0 
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89 8.8 0.8 -5.6 -2.0 7.0 -8.7 0.0 -0.3 

90 -10.6 29.9 -9.5 -21.8 12.1 -0.7 0.0 0.5 

91 7.6 -0.3 -5.6 -12.6 10.5 0.5 0.0 -0.2 

92 18.2 -5.9 -13.3 -15.2 20.0 -4.0 0.0 0.1 

93 13.5 -9.1 -14.3 -2.0 17.4 -4.6 0.0 -1.0 

94 -2.7 13.1 -16.7 -5.4 19.9 -7.2 0.0 -0.9 

95 -11.9 27.2 -16.9 -12.0 19.2 -6.6 0.0 1.0 

96 -17.1 38.8 -11.7 -23.2 14.3 -2.3 0.0 1.1 

97 -18.5 28.1 -7.2 -12.3 10.1 -1.8 0.0 1.5 

98 -20.7 54.8 -13.3 -31.9 14.4 -3.3 0.0 0.1 

99 -35.7 39.1 -3.0 -8.8 8.0 -0.8 0.0 1.3 

100 -23.8 22.3 -1.0 -5.7 4.5 0.4 0.0 3.3 

101 -29.6 34.0 -1.5 -7.1 5.2 -0.9 0.0 0.0 

102 -32.7 42.6 -2.0 -12.1 4.5 -0.5 0.0 0.3 

103 -32.6 40.2 -4.6 -8.7 6.8 -1.3 0.0 0.2 

104 -21.6 29.2 -2.7 -12.5 8.1 -0.4 0.0 -0.1 

105 -19.7 28.1 -2.5 -16.6 11.0 -0.5 0.0 0.1 

106 -11.7 17.5 -3.8 -12.7 11.0 0.7 0.0 -1.1 

107 -28.0 27.9 -3.9 -8.4 13.8 -1.4 0.0 0.0 

108 -15.0 21.6 -6.9 -18.7 19.1 0.4 0.0 -0.5 

109 -44.7 47.2 -3.8 -5.5 7.3 -0.2 0.0 -0.2 

110 -45.3 46.0 -2.8 -4.9 7.3 -0.1 0.0 -0.3 

111 -35.8 32.2 -6.3 -1.6 11.3 0.4 0.0 -0.2 

112 -49.0 42.8 -4.8 -4.9 13.4 2.9 0.0 -0.4 

113 -45.6 41.8 -3.8 -3.7 10.7 0.6 0.0 0.1 

114 -44.4 45.2 -2.1 -3.4 4.7 0.1 0.0 0.0 

115 -39.2 35.0 -1.6 -6.8 11.1 1.5 0.0 0.0 

116 -46.2 46.9 -1.9 -6.3 7.2 1.7 0.0 -1.5 

117 -48.7 51.3 -1.2 -3.1 3.0 -0.6 0.0 -0.7 

118 -38.3 43.0 -2.0 -14.0 11.7 0.7 0.0 -1.1 

119 -16.4 17.3 -12.2 -9.3 15.7 6.5 0.0 -1.6 

120 -19.2 16.7 -9.9 -10.1 15.8 7.0 0.0 -0.4 

121 -9.1 6.5 -11.1 -6.8 10.5 9.7 0.0 0.3 

122 -2.9 -5.5 -10.9 4.9 -2.7 16.2 0.0 0.9 

123 -6.7 -11.2 -24.2 9.5 2.9 28.2 0.0 1.5 

 


