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Chapter 3: Land use and land cover dynamics of Manas-Beki river basin

3.1 Introduction

Changes in land use and land cover (LULC) within the Manas-Beki river basin are analyzed in

this chapter.
The following aspects are included to understand the overall changes in the basin:

i LULC changes in the areas adjacent to the river in the floodplain region from 1990 to
2020.
ii.  Vegetation and snow cover changes in the upper glaciated catchments from 1990 to 2020.

The causes and consequences of LULC change have been widely studied by researchers
because of its linkage to ecosystem dynamics, resource management, food security, climate

change, and an array of other biophysical processes and phenomena [1, 2, 3].

Land cover dynamics within a river basin is governed by both natural and anthropogenic factors
and its study is integral to understand the changes in the hydrogeomorphology of a river [4].
LULC changes can impact the hydro-geomorphological regime of drainage basins [5, 6].
Drainage basins are sensitive to changes in the LULC affecting the stream runoff, sediment
supply, and overall water availability with an increased potentiality of occurrence of extreme

events such as floods and droughts [7 — 12].

The major drivers of land use change are attributed to human causes including deforestation,
agricultural intensification, and urbanization whereas land cover changes are primarily linked
to changes in the climate or the occurrence of extreme events such as floods, droughts,
landslides, earthquakes, forest fires, and related natural disasters. [13 — 18].

In the floodplains, the influence of human activities is more pronounced and changes in LULC
can impact the highly unstable fluvial environment [19, 20]. Improper land utilization of
floodplains can result in changes in the river’s morphology, bank instability resulting in
erosion/accretion, changes in sediment dynamics, and increased flood risks among others [21
— 25]. On the other hand, LULC changes can also be driven by fluvial dynamics, especially in
the young and extremely active rivers originating in the Himalayas [26] and by frequent
flooding [1]. It is important to understand the LULC and its changes in the river corridor for

water resource management and sustainable management of resources available in the
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floodplains [27, 28, 29]. The Brahmaputra floodplains are characterized by rapid changes in
fluvial characteristics resulting in changes in the LULC [26, 30].

In glaciated basins, the impact of land cover changes at higher elevations, including changes
in natural vegetation and snow/ice-covered areas, on the hydrological regime of the river can
be immense. Glacier changes impact surface runoff and forest changes can significantly alter
evapotranspiration and soil moisture, thus LULC change analysis is a crucial input to
understand the hydrological implications of climate change [31]. LULC changes in the upper
reaches help to understand the dynamics of water availability and flood regimes in the
downstream areas [32, 33]. Land cover changes such as increase in vegetation cover is linked
to decrease in runoff [34, 35], whereas decrease in snow cover and glacier extents is linked to
increased streamflow [36, 37, 38]. The Himalayas is likely to be particularly vulnerable to
observed changes in the climate with notable changes in the extent of vegetation and snow
cover [39 — 42]. Limited studies on land cover changes in the Bhutan Himalayas also provide
similar insights to an increase in vegetation cover and a decrease in snow cover [43, 44]. With
the impacts of global climate change evident in almost all ecosystems, it is important to analyze

the LULC changes at the basin level to understand its possible repercussions.

In this chapter, the changes in land use and land cover is quantified for three decades (1990 —
2020), with emphasis on the active floodplain river corridor and the glaciated upper

catchments.
3.2 Data and methods
3.2.1 Data and resources used

Geospatial data and methods were used to develop LULC maps for the area adjacent to the
river in the floodplains as well as detect changes in vegetation and snow in the upper
catchments. Satellite images of four different time periods, 1990, 2000, 2010, and 2020, were
used to extract land use and land cover information of the Manas-Beki basin. Landsat images
obtained from USGS of similar spatial resolution were identified for the study. The details of

the dataset used for the study is presented in Table 3.1.

Erdas Imagine software was used for classification and post-classification analysis and ArcGIS
software was used for mapping and statistical analysis. Google Earth Engine (GEE), which is
an open-source cloud-based platform for geospatial data analysis and visualization, was used

for analyzing the seasonal changes in snow cover from 1990 to 2020.
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Table 3.1 Details of satellite data used for LULC change analysis in Manas-Beki basin, 1990-
2020

Satellite/ Spatial Time of Path Row No. of | Source
sensors resolution acquisition scenes
Landsat TM 30m Nov/Dec 1990 137 40-42 3 USGS
Landsat TM 30m Nov/Dec 1990 138 41-42 2 USGS
Landsat ETM+ 30m Nov/Dec 2000 137 40-42 3 USGS
Landsat ETM+ 30m Nov/Dec 2000 138 41-42 2 USGS
Landsat TM 30m Nov/Dec 2010 137 40-42 3 USGS
Landsat TM 30m Nov/Dec 2010 138 41-42 2 USGS
Landsat OLI 30m Nov/Dec 2020 137 40-42 3 USGS
Landsat OLI 30m Nov/Dec 2020 138 41-42 2 USGS

3.2.2 Methodology

The schema of overall methodology used for LULC classifications and change analysis in the
floodplains, vegetation, and snow cover extraction and change in the upper catchments and
analysis of seasonal snow cover changes in the Manas-Beki river basin is presented in Figure

3.1. The detailed methodology is explained in the following sub-sections.
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Figure 3.1 Flowchart of overall methodology used for land use and land cover classification
and change analysis

59




Chapter 3 | Land use and land cover dynamics

To work out the land classes to be included in the final study, a preliminary analysis was carried
out using LULC dataset available from the North Eastern Space Applications Centre (NESAC),
Govt. of India. This dataset (from NESAC) is for the part of the Manas-Beki basin falling
within the jurisdiction of India and is at the scale of 1:50,000 for the period 2015-16. For the
area falling outside India, Landsat (OLI) data of 2016 was used. The classification was done
for the broad Level 1 classes in the NESAC classification using a visual interpretation method
to be comparable to the NESAC dataset. A composite LULC map for the entire basin was
prepared to understand the overall LULC. A total of 12 classes were available for the basin
including Dense Forest, Open Forest, Scrublands, Grassland, lIce/Snow, Barren Land, Tree
Clad Area, Agriculture, Settlement, Waterbodies, Streams/rivers, and Wetlands. The
percentage of areas within each class was analyzed (Figure 3.2) and it was observed that the
highest area was covered by the forest classes (dense and open forest) which together
constituted almost 46% of the basin followed by snow- and ice-covered area (~26%). The other
major classes were scrublands (~8.5%), agricultural area (~8%), barren land (~6%), tree clad
area (~2%), and area of streams or rivers (~2%). It was observed that the forest, snow, and
barren area composed almost 95% of the total area in the upper catchments of Mangde,
Chamkar, Kuri and Dangme, and the other classes were mainly seen in the floodplain region.
Therefore, the LULC change analysis was studied separately for both the floodplain and the
upper catchment areas. Since the impact of land use in the upper catchment was negligible
compared to the natural vegetation and snow-covered areas, therefore only these two aspects
were analyzed. In the floodplain region, LULC changes were observed from 1990-2020 for the

areas adjoining the river to understand the influence of river changes on LULC.
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Figure 3.2 LULC classes in the Manas-Beki river basin
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Land use classification and change analysis in the floodplains

The river channel from 1990 to 2020 was merged and the maximum area coverage was used
to identify the areas 5 km surrounding the maximum coverage. A total area of approximately
1225 km? in the floodplains was demarcated for LULC change analysis. The Landsat images
with path/row 137/42 of 1990, 2000, 2010, and 2020 were used for extracting this floodplain
region. For proper identification of land cover features basic image pre-processing is
imperative. Radiometric normalization was carried out for multi-date and multi-sensor satellite
data. Normalization reduces inconsistencies in the satellite images which are inherent in the
images because of differences in acquisition conditions such as variation in sun zenith angles,
shadow effect, sensor calibrations, and atmospheric conditions, etc. [45, 46]. In radiometric
corrections, haze reduction, noise reduction, and histogram equalization were performed for all
the satellite images in the Erdas Imagine software. It is important to have the images from
different time periods perfectly aligned at the pixel level for change detection studies [47].
Even though Landsat images are pre-aligned to each other, image-to-image calibration was
carried out in the Autosync module of Erdas Imagine software to ensure that all four images

were aligned to each other with less than half pixel accuracy.

Hybrid classification, which is a combination of unsupervised and supervised digital
classification [26] was performed for classifying the area into 6 distinct classes representative
of the region. The 6 classes identified for LULC change analysis are water bodies, vegetation,
grassland, agriculture sand, and settlement. The classification scheme used for the present study
has been modified from Hazarika et al. and the description of each class is given in Table 3.2
[26]. These classes are broadly representing the LULC of the study area and can be easily

determined by moderate resolution of Landsat imagery.

Table 3.2 LULC classes adopted for change analysis in Manas-Beki basin

LULC Code | LULC Class Description

1 Water bodies | Open water features such as rivers, streams, lakes, and
reservoirs. Low-lying areas saturated with moisture and

covered with aquatic vegetation such as water hyacinth.

2 Vegetation It included areas under dense, open forests, scrublands,
plantations like orchards and tea gardens, and rural built-up

with homestead land.
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3 Grassland Areas dominated by grasses including vegetated sandbars and

grazing areas

4 Agriculture | Areas under cultivation including current fallow areas

5 Sand Sandbars and other sand deposition areas including both dry

and wet sand areas.

6 Settlement Areas under urban built-up including roads and other concrete

arcas

The images for each year were first classified by an unsupervised method which uses the
reflectance value of the pixels to cluster into different groups based on statistical patterns of
values. These are simply clusters of pixels with similar spectral characteristics and must be
interpreted into meaningful classes of interest [48]. The ISODATA unsupervised classification
algorithm [49] was used to automatically classify the satellite images of the study area into 36
classes with similar spectral characteristics. These classes were then merged into the six
information classes based on the classification scheme adopted for the study. Signatures are
then generated for these six classes which are used to reclassify the original satellite images
using Maximum Likelihood Classifier which is a supervised classification method. The final
classified images were then filtered using a neighbourhood majority function with the help of
a 3x3 matrix window which replaces the central pixel in the matrix with the most common data
file value in the window. This is required for the removal of noise, reduction of the salt and
pepper effect, and smoothening of classes in the classified images. Recoding was performed
for major misclassification of features with similar spectral characteristics such as water-

shadow and sand-settlement.

The accuracy of each classified image was assessed by a set of 120 random points based on the
number of classes (20 points per class). Examination of satellite images and high-resolution
images from Google Earth were used for assigning reference classes. Field verifications were
carried out in 2020 and the points were used as reference for checking the accuracy of the
LULC map developed for 2020. For each map, a confusion matrix or error matrix was created
with each row representing land-use classes in the classified map and each column representing
the reference land-use classes. The overall accuracy and Kappa analysis were used to perform
classification accuracy assessment based on error matrix analysis. The overall accuracy is
calculated by summing the number of pixels classified correctly and dividing by the total

number of pixels. Kappa analysis is a discrete multivariate technique of use in accuracy
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assessment [50]. It is the degree of correctness between the classified map and the reference
map. User’s accuracy and producer’s accuracy were also calculated. User’s accuracy measures
the proportion of each class which is correctly classified in the map as a particular class and
producer’s accuracy measures the proportion of land use class which is correctly classified as
the actual landscape present on the ground. Kappa co-efficient is measured by using the
following formula [51]:
_ N(Xii) - (Xi+) — (Xi +X X + i)
N(Xi+) - (Xi +x X + i)

where Xii is the number of observations correctly classified for a particular category, X+ and
X+i are the marginal totals for row i and column i associated with the category, and N is the

total number of observations in the entire error matrix.

The final classified images were used to generate land use and land cover statistics for the entire
study area for 1990, 2000, 2010, and 2020. Post-classification change detection was carried out
by developing the change matrix between different years of analysis, 1990-2000, 2000-2010,
and 2010-2020. Post-classification analysis of change using transition matrices is a reliable
method of quantifying changes between classes between different time periods [1, 52]. The
classification and generation of change matrices were done using Erdas Imagine, mapping in

ArcGIS, and area statistics were analyzed in Microsoft Excel software.
Land cover changes in the upper glaciated catchments

The upper glaciated catchments of Dangme Chu, Kuri Chu, Chamkar Chu, and Mangde Chu
from east to west were observed for changes in vegetation and snow cover from 1990 to 2020.
Landsat images from 1990, 2000, 2010, and 2020 were used (Figure 3.3) and the combined
area for all four catchments (~28,512 km?) as well as individual catchments were studied

separately.

To analyze the changes in vegetation in the upper catchments, the Normalized Difference
Vegetation Index (NDVI) was used. NDVI has been used by many researchers to identify
vegetated areas and analyze changes in vegetation [53, 54, 55]. NDVI is calculated using
reflectance values for the Red and Infrared wavelengths of the spectrum as given in the
following formula: NDVI = (Near Infrared — Red)/ (Near Infrared + Red). For Landsat TM and
ETM sensors, NDVI calculation requires information from Band 3 (Red) and Band 4 (NIR)
while for the Landsat OLI sensor, Band 4 (Red) and Band 5 (NIR) are required. NDVI is a
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Figure 3.3 Glaciated upper catchments as visualized in Landsat 8 False Colour Composite
(Band 7, 4 and 3) with their areas for vegetation and snow cover analysis

|l
90°30'E

direct indicator of vegetation health, and the values range from -1 to +1, with higher values
indicating healthy and dense vegetation. NDVI was calculated for each satellite image year-
wise composite from 1990 and 2020. The image statistics were analyzed for each image and
the NDVI difference image was calculated to visualize the areas of overall change between
1990 to 2020.

The areas with no change were the areas with values around 0 and thresholds were used to
classify the NDVI1 difference images into three classes based on standard deviation (SD) from
mean: No change (-1 to +1 SD), negative change (< -1 SD) and positive change (>1 SD) [54,
56].

At higher altitudes, the demarcation between vegetation and barren land is distinct, and it was
possible to extract vegetation areas based on NDVI values. Image thresholding was carried out
to separate the vegetation areas based on manual checking of values against each satellite

composite based on visual observation of satellite images [57, 58]. The thresholds for
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vegetation extraction varied between 0.4 and 0.5 for each image composite of the study area.
The final vegetation maps for 1990, 2000, 2010, and 2020 were prepared after noise removal
using majority filters. Since the satellite data were radiometrically normalized and images were
used for the same time of the year (December), the vegetation areas extracted for each year and

sub-basin were compared for change analysis.

Spectral indices including Normalized Difference Snow Index (NDSI), NDVI, band ratio of
NIR, and Mid-Infrared (MIR) data along with elevation information for the glaciated sub-
basins under Manas-Beki basin were used to estimate snow and ice cover areas from Landsat
satellite images for 1990, 2000, 2010 and 2020. The methodology was based on Racoviteanu
et al and the criteria used for the extraction of snow and ice areas are given in Table 3.3 [58].
Snow cover maps were prepared for the same time (December) of each year and area changes

were estimated for each catchment.

Table 3.3 Criteria used for extraction of snow and ice-covered areas in Manas-Beki basin

Criteria Formula Condition applied
Normalized Difference (NIR — Red)/(NIR + Red) <0.2
Vegetation Index (NDVI)

Normalized Difference Snow (Green — SWIR)/(Green + >0.4
Index (NDSI) SWIR)

Band ratio NIR/MIR >1.5
Elevation - >3000 m

Google Earth Engine (GEE), which is an open-source platform for cloud-based geospatial
analysis, was used to calculate NDSI values for each season from 1990 to 2020 to understand
the seasonal changes. Four seasons were considered based on months, viz. Jan-Mar, Apr-Jun,
Jul-Sep and Oct-Dec. Landsat daily NDSI composites for the entire study area were generated
using the maximum function to extract maximum snow cover during the identified seasons. A
threshold of 0.4 was used to extract snow cover areas from NDSI output and annual seasonal
data was downloaded for further analysis. GEE was also used to download monthly ERA5
reanalysis data for snow cover for the four catchments, to compare results derived from NDSI.
The extracted vegetation and snow areas were also analyzed at each elevation zone based on
DEM data to check any trends at different elevations.
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3.3 Results
3.3.1 Land use classification and change analysis in the floodplains

The areas associated within a 5 km distance from the river courses from 1990 to 2020 in the
floodplain region in Assam were classified using hybrid classification method into six classes:
Water bodies, Vegetation, Grassland, Agriculture, Sand, and Settlement followed by noise
removal and recoding for misclassified classes. Accuracy assessment of the classified images
using 120 random points show overall accuracies of 86.67%, 87.5%, 87.5%, and 92.5%; and
kappa coefficient of agreement of 0.84, 0.85, 0.85, and 0.91 for 1990, 2000, 2010 and 2020
respectively (Table 3.4a — 3.4d). In terms of producer’s accuracy or user’s accuracy, all classes
were between 68% and 100%. Mostly the grassland and agriculture classes were wrongly
classified. The classified images show relatively high accuracies making them eligible for
change detection studies.

The final classified maps for 1990, 2000, 2010, and 2020 after filtering and recoding are shown
in Figures 3.4a, 3.4b, 3.4c, and 3.4d respectively and pie diagrams showing the percentage of
area under each land use and land cover category are shown in Figures 3.5a, 3.5b, 3.5¢ and
3.5d. All the years show agriculture as the most dominant land use type. Vegetation classes
(comprising forests, plantations, and other trees) cover the second highest area followed by

grasslands. Settlement class covers the least area, but is increasing from 1990 to 2020.

Change analysis shows highly dynamic results through the years (Table 3.5). Water areas have
decreased between 1990-2000 and 2000-2010 but increased during 2010-2020. Vegetation
areas including forests and other tree-clad areas have decreased between 1990-2000 but
increased in the other two decades. Grassland areas decreased between 1990-2000 but
increased during 2000-2010 and 2010-2020. Agriculture areas show an increase between 1990-
2000 but decrease thereafter. Sand deposition areas show a large increase in area (~49 km?) but
decrease by around 37 km? during 2010-2020. The area changes under different LULC
categories during 1990-2020 are shown in Figure 3.6.
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Table 3.4a Confusion matrix for hybrid classification of Manas-Beki floodplain region, 1990

LULC classes Water  Vegetation  Grassland  Agriculture Sand Settlement ;i;arence ;’gggruacce;'s ;JCSCeJlrzcy
Water 19 1 20 95.00% 95.00%
Vegetation 16 2 2 20 88.89% 80.00%
Grassland 1 15 4 20 83.33% 75.00%
Agriculture 19 1 20 67.86% 95.00%
Sand 3 17 20 94.44% 85.00%
Settlement 2 18 20 100.00% 90.00%
Total 20 18 18 28 18 18 120
Overall classification accuracy 86.67% Kappa co-efficient 0.84
Table 3.4b Confusion matrix for hybrid classification of Manas-Beki floodplain region, 2000
LULC classes  Water Vegetation Grassland ~ Agriculture Sand Settlement Reference  Producer’s User's
total accuracy accuracy
Water 19 1 20 90.48% 95.00%
Vegetation 17 3 20 89.47% 85.00%
Grassland 16 3 1 20 80.00% 80.00%
Agriculture 20 20 76.92% 100.00%
Sand 1 1 1 17 20 94.44% 85.00%
Settlement 1 2 1 16 20 100.00% 80.00%
Total 21 19 20 26 18 16 120
Overall classification accuracy 87.50% Kappa co-efficient 0.85
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Table 3.4c Confusion matrix for hybrid classification of Manas-Beki floodplain region, 2010

LULC classes  Water Vegetation Grassland ~ Agriculture Sand Settlement  Reference  Producer’s User's
total accuracy accuracy
Water 19 1 20 86.36% 95.00%
Vegetation 16 3 20 88.89% 80.00%
Grassland 2 16 2 20 80.00% 80.00%
Agriculture 1 18 1 20 81.82% 90.00%
Sand 1 1 18 20 90.00% 90.00%
Settlement 2 18 20 100.00% 90.00%
Total 22 18 20 22 20 18 120
Overall classification accuracy 87.50% Kappa co-efficient 0.85
Table 3.4d Confusion matrix for hybrid classification of Manas-Beki floodplain region, 2020
LULC classes  Water Vegetation Grassland ~ Agriculture Sand Settlement  Reference  Producer’s User's
total accuracy accuracy
Water 20 20 90.91% 100.00%
Vegetation 19 1 20 100.00% 95.00%
Grassland 1 16 2 1 20 94.12% 80.00%
Agriculture 1 17 1 1 20 85.00% 85.00%
Sand 20 20 90.91% 100.00%
Settlement 1 19 20 95.00% 95.00%
Total 22 19 17 20 22 20 120
Overall classification accuracy 92.50% Kappa co-efficient 0.91
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Figure 3.4 LULC in the Manas-Beki floodplain region for (a) 1990, (b) 2000, (c) 2010 and (d)
2020
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Figure 3.6 Area change in LULC categories in Manas-Beki floodplains, 1990-2020
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Table 3.5 LULC statistics in the floodplains of Manas-Beki river during 1990, 2000, 2010 and 2020

Net area change
LULC LULC Area (ha) Area Change (ha) (ha)
Code class
1990 2000 2010 2020 1990-2000 2000-2010  2010-2020 1990-2020

1 Water 9145.53 8812.26  8328.78  11150.20 -333.27 -483.48 2821.42 2004.67

2 Vegetation | 39707.60 37259.40 39745.20 41344.00 | -2448.20 2485.80 1598.80 1636.40

3 Grassland | 16577.60 13307.90 13572.60 13813.60 | -3269.70 264.70 241.00 -2764.00

4 Agriculture | 44921.40 45972.00 44217.30 42710.80 | 1050.60 -1754.70 -1506.50 -2210.60

5 Sand 10034.00 14897.90 13989.40 10306.70 | 4863.90 -908.50 -3682.70 272.70

6 Settlement 72.36 205.65 597.60 1126.17 133.29 391.95 528.57 1053.81

(Negative values indicate decrease in area and positive values indicate increase in area for LULC area changes)
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LULC changes were quantified between the years by developing the change matrix for each
period. Tables 3.6(a), 3.6(b), and 3.6 (c) show the change matrix tables generated for 1990-
2000, 2000-2010, and 2010-2020 respectively. The tables depict the highly variable nature of
LULC within the floodplain with notable changes in each period. The highlighted values
indicate the unchanged areas which is varying from as low as 25% for grasslands to 87% for
settlement areas during 1990-2000. It varies between 27% for grasslands to 82% for vegetation
areas between 2000 to 2010 and between 24% for grasslands to 79% for settlement and
vegetation areas. This shows that grasslands are the most variable LULC class within the area

of analysis.

Table 3.6a Change matrix of LULC classes in floodplain of Manas-Beki river, 1990-2000

2000 (Area in ha)

_ | Classes Water Vegetation Grassland Agriculture Sand  Settlement | Total
2 | Water 2600 246 432 1484 4382 9144
E Vegetation 844 30786 3567 3559 895 47 | 39697
2 Grassland 818 3859 4182 6397 1256 58 | 16570
S | Agriculture | 2265 2153 4595 31760 4095 37| 44905
§ Sand 2280 200 527 2755 | 4269 10031

Settlement 1 7 1 63 72

Total 8808 37251 13303 45956 14896 205 | 120419

Table 3.6b Change matrix of LULC classes in floodplain of Manas-Beki river, 2000-2010

2010 (Area in ha)

_ | Classes Water Vegetation Grassland Agriculture Sand  Settlement | Total
2 | Water 2575 530 736 1341 3622 8 8811
E Vegetation 749 30540 2782 2012 906 264 | 37253
E Grassland 592 4786 3569 3689 621 44 | 13302
S | Agriculture | 2102 2706 5040 32394 3592 118 | 45952
§ Sand 2308 1157 1426 4759 | 5245 14895

Settlement 17 15 10 163 205

Total 8327 39735 13568 44204 13986 597 | 120418

Table 3.6¢c Change matrix of LULC classes in floodplain of Manas-Beki river, 2010-2020

2020 (Areain ha)

_ | Classes Water Vegetation Grassland Agriculture  Sand  Settlement | Total
2 | water 3448 178 320 1814 2562 5 8327
'E Vegetation 705 31480 3003 4093 248 208 | 39736
E Grassland 1322 3605 3210 4866 423 142 | 13567
S | Agriculture | 1896 5770 5700 28263 2274 299 | 44202
§ Sand 3776 272 1557 3583 | 4797 1| 13985

Settlement 1 27 20 76 472 598

Total 11148 41332 13810 42695 10305 1126 | 120415
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The LULC categories were also analyzed for the areas which were affected by fluvial dynamics
from 1990 to 2020. The LULC classes affected due to changes in river morphology were
analyzed and areas within each class that were lost due to erosion or gained due to deposition
were estimated (Table 3.7). Changes in the settlement class were negligible and not included
in the analysis. Changes in vegetation, grassland, and sand categories can be related to the
erosional and depositional processes of the river due to channel changes while agriculture area
changes do not show any relation. The LULC areas affected by erosion and deposition from
1990 to 2020 are shown in Figure 3.7.

Table 3.7 LULC classes in Manas-Beki floodplain affected by erosion and deposition during
1990-2020

LULC LULC Erosion (km?) Deposition (km?)
Code Class 1990-2000{2000-2010{2010-2020| 1990-2000| 2000-2010{ 2010-2020
1 Water 4.4 1.6 04 4.8 0.5 0.7
2 Vegetation 33.7 9.2 3.2 2.9 10.1 3.2
3 Grassland 8.8 3.6 1.9 4.6 9.0 6.6
4 Agriculture 25.6 22.5 10.0 14.7 22.8 14.7
5 Sand 3.2 4.8 1.1 16.6 1.2 3.0
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Figure 3.7 Area change in LULC categories due to erosion and deposition in Manas-Beki
floodplains, 1990-2020
(Positive change indicate deposition and negative change indicate erosion)
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3.3.2 Vegetation cover changes in the upper catchments

The Landsat composites for each year, 0.25 1
1990, 2000, 2010, and 2020 were used | & 0.2 -
to estimate NDVI values for the area §0'15 i

T _____\/
within the four glaciated sub-basins: | 2 01 4 -_—===
Mangde Chu, Chamkar Chu, Kuri Chu, g

=0.05 -
and Dangme Chu from the west to east

- - - - O T T T 1

of Manas-Beki basin. The statistics for 1990 2000 2010 2020
each of these NDVI images were = Dangme Chu Mangde Chu
generated  including  minimum/ Chamkar Chu Kuri Chu

maximum values, range, mean, median,  Figure 3.8 Mean NDVI values for each sub-
and standard deviation. The mean values basin in Manas-Beki basin (1990-2020)

for each sub-basin as well as all the four sub-basins together are given in Table 3.7. The values
do not show considerable changes from 1990 to 2010 with a slight decreasing trend but the
values have increased for 2020 for all the catchments (Figure 3.8). The highest difference is

observed in the westernmost sub-basin of Mangde Chu.

Table 3.8 Mean NDVI values for different sub-basins in Manas-Beki basin (1990-2020)

_ Mean NDV1 values

Sub-basin

1990 2000 2010 2020

Dangme Chu 0.113 0.116 0.111 0.158

Mangde Chu 0.151 0.146 0.135 0.216

Chamkar Chu 0.157 0.156 0.144 0.202

Kuri Chu 0.076 0.071 0.072 0.111

Overall 0.111 0.110 0.105 0.156

NDVI difference image was calculated to visualize the areas of overall change between 1990
to 2020 and classified into three classes (no change, positive change, and negative change)
based on 1 standard deviation values (Figure 3.9). The NDVI difference image shows that the
NDVI values have increased in the low-vegetated areas while it has decreased in the upper
barren land region. The highest area with a positive change is in the Mangde Chu basin (~48%),
followed by Chamkar Chu and Dangme Chu (~28.5%), and the least change in Kuri Chu (19%).
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Figure 3.9 NDVI difference image (1990-2020) showing change and no change areas in
upper catchments of Manas-Beki basin

Vegetation area maps were prepared for each year, 1990, 2000, 2010, and 2020 using the best

threshold value for differentiating between vegetation and no vegetation areas, selected after

careful observation of the satellite images and the NDV| values during the month of December.

The final vegetation maps are shown in Figure 3.10. Areas under vegetation for each year and

each sub-basin were analyzed and the percentage areas of each basin and the overall area are

depicted in Figure 3.11. The analysis of vegetation areas shows that the areas have increased

from 1990 to 2020. Vegetation area in the entire upper catchment including all four glaciated
sub-basins increased from ~23.9% to ~35.7% (~11.8%) from 1990 to 2020. Maximum change
is observed in the western basin of Mangde Chu (~21.9%) and minimum change is observed

in Kuri Chu basin (~6.5%) and the results are consistent with results obtained from preliminary

analysis of the NDVI difference image.
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3.3.3 Snow cover changes in the upper catchments

Snow cover areas for the same season (December) for the entire catchment area were extracted
from the Landsat-based NDVI, NDSI, and band ratio between NIR and MIR images of 1990,
2000, 2010, and 2020 (Figure 3.12). The percentage areas of snow coverage during the same
season within the entire upper catchments and in individual sub-basins were analyzed and it is
observed that the snow cover areas have decreased from ~10.9% to ~5.7% (~5.2%) from 1990
to 2020 (Figure 3.13). Decadal changes show that for the entire glaciated upper catchment area,
the snow cover area decreased between 1990 to 2000 but increased thereafter. Analysis of
snow-covered areas for individual sub-basins shows a decrease in all areas. Maximum change
is observed in the eastern basin of Dangme Chu (~7.6%) and gradually decreases westward.

The minimum change is observed in Mangde Chu basin (~2.6%).
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Figure 3.12 Snow cover area based on NDSI for Manas-Beki upper catchments (1990,
2000, 2010 and 2020)
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Figure 3.13 Snow cover area changes in percentage from 1990-2020 in Manas-Beki upper
catchments

3.3.4 Seasonal snow cover changes

Since snow cover is a purely seasonal land cover class, so GEE was used to extract NDSI
values for each season from 1990 to 2020 to understand the seasonal changes. Four seasons
were considered for every 3 months of the year and Landsat daily NDSI composites for the
entire study area were generated using maximum function to extract maximum snow cover
during the identified seasons. The final snow cover maps showing the maximum snow-covered
areas during the season were generated after extracting the areas with NDSI values greater than
0.4. The seasonal snow cover maps for the Manas-Beki basin for 1990 and 2020 are shown in
Figure 3.14. Snow cover areas were extracted for every season from 1990 to 2020 and the

maximum snow cover areas were analyzed.

The overall areas covered with snow from 1990 to 2020 is showing a decreasing trend in all
the seasons. The maximum change is observed during the months of Jan-Mar, followed by the
Oct-Dec season, though annual variations in snow-covered areas are very erratic throughout
the observation period. Figure 3.15 shows the annual variations in maximum snow cover area
in percentages for the Manas-Beki basin in different seasons. The values are highest for Jan-
Mar and range from 20% to more than 40% in the basin. The minimum snow cover is observed

in the months of July-Sep when the values mostly range between 3% to 10% of the total area.
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Figure 3.14 Seasonal snow cover area in (a)1990 and (b) 2020) for the Manas-Beki basin
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Figure 3.15 Seasonal snow cover area changes in percentage (1990 - 2020) for the Manas-
Beki basin
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GEE was also used to analyze the trends in snow cover area change during the period 1990 to
2020. Since snow cover maps using Landsat data were chosen for the month of December for
analysis, the trend was analyzed during the same month over the years. The graphs for the four
glaciated sub-basins of Manas-Beki basin are shown in Figure 3.16 (a-d) and in all the basins,
there is a slight decrease in average snow cover area visualized as a percentage to the total area
of the sub-basin. The highest decrease is observed in the easternmost basin of Dangme Chu.
The results are in parallel with the results of the overall snow cover analysis carried out in the
Manas-Beki basin using satellite data.
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Figure 3.16(a) Average snow cover (in %) in Mangde Chu Basin for December (1990-
2020)
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Figure 3.16(b) Average snow cover (in %) in Chamkar Chu Basin for December (1990-
2020)
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Figure 3.16(d) Average snow cover (in %) in Dangme Chu Basin for December (1990-
2020)

3.3.5 Snow and vegetation changes with elevation

The change analysis for snow and vegetation cover in the upper glaciated sub-basins of Manas-
Beki river basin carried out for every decade from 1990 to 2020 using Landsat satellite data
was compared at different altitudes to observe the altitudinal variations in change. Figure 3.17
shows the variability of vegetation cover areas with elevation from 1990 to 2020. It is clearly
seen that the maximum variability is between 2000-3000 m elevations even though vegetation
cover is seen up to almost 6000-6500 m elevations. The values are also distinctly increased in

the span of a decade and the maximum areas are observed in 2020.
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Changes in snow cover from 1990 to 2020 show considerable change between 5000 m to 5500
m elevation levels (Figure 3.18). The total area of snow cover in the basin is also distinctly

decreasing over the years with the maximum decrease in the 5000-5500 m elevation range.
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Figure 3.17 Vegetation area changes with elevation from 1990-2020 for the Manas-Beki
basin
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Figure 3.18 Snow cover area changes with elevation from 1990-2020 for the Manas-
Beki basin
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The overlap region between snow and vegetation cover area distribution at different elevation
ranges in the Manas-Beki basin shows changes in snow line altitude. On observation of the
overlap of the two graphs, it is seen that the point of interaction between the snow and
vegetation areas has increased from 1990 to 2020 showing that the snow altitude have gone up
over the years (Figure 3.19).
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Figure 3.19 Snow and vegetation area changes with elevation for overlap region in
upper Manas-Beki basin, 1990-2020

3.4 Discussion and summary

LULC changes in the floodplains adjacent to the Manas-Beki river show highly variable
characteristics from 1990 to 2020. The most significant changes in the LULC classes are the
increase in water areas (~28 km?) between 2010-2020, loss of vegetation (~24.5 km?), and loss
of grassland areas (~33 km?) during 1990-2000. Highly dynamic changes are noticed in the
sand class during 1990-2000 (increase ~49 km?) and 2010-2020 (decrease ~37 km?).

Vegetation areas (comprising forest and tree-clad areas) and natural grasslands show a decrease
in 2000 from 1990 but increase slightly in 2010 and 2020. Agricultural areas and sand-
deposited areas show an increase from 1990 to 2000 but decrease slightly between 2010 and
2020. The only LULC category that has exponentially increased over the years is the settlement

class which comprises the built-up areas. Settlement areas have nearly more than doubled every
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decade with an almost 16 times overall increase in area from 1990 to 2020. The water class
had shown a slightly decreasing trend from 1990 to 2010 but increased considerably from 2010
to 2020. Various factors might be attributed to the LULC dynamics in the region and channel
shifts and changes in the river morphology (which were analyzed in the previous chapter),
might be one of the major factors. Researchers have indicated that fluvial dynamics is one of
the major drivers of LULC dynamics especially in highly populated alluvial floodplain regions
which are periodically exposed to flooding [26, 30, 59]. In the present study, it is observed that
the river has frequently changed course during the three decades of analysis and erosion was
the dominant process, especially in the areas above the highway crossing which were mainly
forest and grassland areas during 1990-2000. This can be related to the decrease in these LULC
classes during the period. Sand areas have increased due to the conversion of the active channel
course into deposition areas. Deposition is also a dominant process, particularly between 2000
and 2020.

Human alterations to the floodplains particularly for use as agricultural lands or built-up areas
result in changes in land cover categories, and is another driver of LULC changes [60]. In the
present study, it is observed that the settlement areas within the study area have increased
exponentially indicating the increased impact of human population in the area. Every decade,
more than 100 km? of land from other categories of LULC have been converted to agricultural
land, although agricultural areas have also extensively been converted into other LULC

categories over the years.

Chronic flooding in the lower parts of the floodplain is also being attributed by researchers to
the changes in LULC, particularly related to water and sand deposition areas [26, 61, 62].
Dynamics in flooding incidences have also been reported to be linked to observed changes in
climate change and associated phenomena such as increased precipitation and snow melt in the
upper reaches of the basin [63, 64]. In the case of Manas-Beki floodplains, it is observed that
the water class has increased considerably between 1990 and 2020, and field observations
confirmed that the chronically flooded lower floodplain of the Manas-Beki river has been
utilized for fisheries in recent years. High deposition of sand is also associated with the frequent

incidences of flash floods in the study area.

Changes in vegetation and snow cover in the upper glaciated sub-basins of Manas-Beki river
represent an increase in vegetation and a decrease in snow cover. This correlates with other

findings for the Himalayan region and is linked to natural factors, primarily climate change
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since human impacts on land cover at higher elevations are minimal [57, 65-70]. Analysis of
NDVI values shows an increase in NDVI values in the last decade (2010-2020) in all the four
sub-basins (Mangde, Chamkar, Kuri, and Dangme), whereas the change is negligible during
the previous decades. It is also observed that the change is more in the west than the east, which
is in consistence with the observations of Mishra and Mainali [65]. Almost all studies on the
Himalayan landscape, including limited studies in the Bhutan region, report a decline in the
snow cover area in recent years [68-70]. The ERAS reanalysis dataset was used in this study to
correlate the results. The findings show that the snow cover area has decreased from 1990 to
2020. Analysis of seasonal snow cover shows a considerable decline in maximum snow cover
area during the months of Jan-Mar followed by Oct-Dec. Seasonal and directional variations
as observed in the present study were also reported by other researchers for the Himalayan
region [71, 72].

Based on elevation, snow and vegetation changes observed at different elevations suggest the
highest variations in vegetation between the 2000 to 3000 m altitudes and the highest variation
in snow cover between 5000 to 5500 m altitudes. VVegetation cover is also observed to increase
at higher elevations while snow cover is decreasing indicating a shift in the tree line and snow
line altitudes. Similar trends have been reported from other parts of the Himalayas by
researchers [57, 58, 65, 69] and the changes have been attributed to be an indicator of climate
change influence on the area. These observed changes in vegetation and snow cover in the
upper catchments are likely to affect the streamflow in the basin impacting downstream water
availability [15, 73, 74].
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