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ABSTRACT

The present study assessed the potential of sediment loading in Beteni, Lauruk, Andheri, and Harpan sub-watersheds
of Phewa Lake and estimated the sediment yield in the year 2020. Morphometry, land use/land cover, geology, climate,
and human and development factors of the sub-watersheds were studied to assess the potential of sediment loading in the
sub-watersheds. SRTM DEM was used for the computation of morphometric parameters and land use/land cover maps
were prepared by using Landsat imagery. Geology, rainfall data, census data, and road maps were collected from various
secondary sources. The sediment yields of the four sub-watersheds in the year 2020 were estimated by measuring the
sediment volume deposited in the sediment retention ponds at the outlet of each sub-watershed. Results indicated that
Beteni had the highest potential for sediment loading, while Harpan had the lowest. Likewise, the sediment yields for Beteni,
Lauruk, Andheri, and Harpan sub-watersheds in 2020 were estimated at 1,420.67 m3/km?/year, 2,280.14 m’/km?/year,
1,666.77 m*/km?/year, and 766.42 m>/km?/year, respectively. To reduce sedimentation in Phewa Lake, it is reccommended
to regularly maintain siltation dams and construct check dams along the drainage slopes, alongside other soil conservation
measures and appropriate land use practices in the upstream areas of the sub-watersheds.
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1. Introduction

Sediments are soil and rock fragments suspended, transported, and
deposited by flowing water!!. Sediments originate from erosion of soil,
weathering of rocks, and mass movements such as landslides and debris
flows!?. Sediment transfer is affected by natural factors such as tem-
perature and precipitation and anthropogenic factors including popula-
tion and land use type of the basin. River sediment transfer is one of the
major problems worldwide. Soil erosion and sedimentation have an im-
pact on agriculture, reservoirs and lakes, and aquatic biodiversity. Sed-
iment removal through erosion (on-site effects) leads to its transport
and subsequent deposition in distant areas, including potentially fertile
agricultural lands (off-site effects). The off-site effects of sedimentation
also include siltation, which raises riverbed elevation®, increases the
risk of flooding in low-lying areas and poses threats to human lives'™.

Sediment yield is the consequence of erosion and deposition pro-
cesses and depends on all those factors that affect erosion and sediment
delivery™. Soil erosion and sediment delivery depends on climatel®?),

soil'®!" vegetation cover™”!?], basin morphometry!'*'*! land usel®’-'*
18] and socio-economic factors!!”'®). Amount, intensity, and frequency

of rainfall influence runoff, which in turn affects soil erosion and



sediment yield. Several studies have shown that the
sedimentation rate increases with an increase in rain-
fall intensity!'”*”). Likewise, land use/land cover is
also seen as the key driver of sediment dynamics
globally. Forest has higher water percolation, re-
duced surface runoff, and less sediment yield,
whereas agricultural land has comparatively higher
sediment yield?". Infrastructure development, such
as road construction, cause slope instability if not
properly managed. The surfaces of rural roads con-
tain a high proportion of fine materials that are easily
erodible, have low infiltration rates??!, have a high
runoff, and generate a high sediment load® ), Sim-
ilarly, mass movements like landslides and gully ero-
sion are frequent on poorly designed and poorly
paced roads that deliver sediment to the streams!**-
81 Morphometric parameters of watersheds are an-
other crucial factors that influence sediment loading.
Several studies have established a significant corre-
lation between these parameters and sediment
transport processes. For instance, larger watershed
areas contribute to higher sediment loading due to
the accumulation of more sediment from erosion
sources, however, the sediment yield decreases for
larger watersheds due to a decrease in slope gradi-
ent!?’, Similarly, the shape of the watershed, charac-
terized by parameters such as elongation ratio, circu-
larity ratio, and form factor, also influences sediment

B9 Furthermore, the slope of the watershed

loading
also plays a crucial role, as steeper slope results in
intensified soil erosion and sediment transport®' 3],

Various methods have been employed world-
wide for the estimation of sediment yield, incorpo-
rating both field measurements and modeling ap-
proaches. One commonly used method is the sedi-
ment rating curve which establishes a relationship
between stream discharge and sediment concentra-
tion. This method has been widely employed in hy-
drological studies, for instance, by Boukhrissa et
al.®Y, Wu et al®® Zhang et al.®® and Sedighi et
al.®"!. Hydrological models can also be used for the
assessment and prediction of sediment yield from
watersheds. These models use various information
such as precipitation, land use practices, soil type,
and topography as inputs for the simulation of the
models®®. For example, Serrdao et al.B% used Soil

and Water Assessment Tool (SWAT) to investigate
the sediment yield of a basin in the Brazilian Ama-
zon. Likewise, Admas et al.*” used the geospatial
Water Erosion Prediction Project (WEPP) to model
sediment yield Megech Watershed of the upper Blue
Nile Basin. A bathymetric survey of reservoirs is an-
other method for determining sediment yield. This
method involves comparing the initial sediment level
with the present sediment level to estimate reservoir
sedimentation*'!. Endalew and Mulu*? used the
bathymetric survey to estimate reservoir sedimenta-
tion at the Shumburit earth dam in Ethiopia.

Phewa Lake, the second largest lake in Nepal,
is a stream-fed, dam-regulated semi-natural freshwa-
ter lake!® situated in the southwestern part of
Pokhara Metropolitan City. The lake provides signif-
icant ecosystem services to the local community in-
cluding tourism, hydroelectricity, irrigation, fishing,

4441 However, the

boating, and its natural beauty!
condition of the lake is deteriorating, thereby affect-
ing the supply of ecosystem services to the local res-
idents. Several issues are existing in the lake that im-
pacts the health of Phewa Lake including lake area
encroachment, sedimentation, water pollution, eu-
trophication, invasive species, toxic contamination,
unmanaged fishing, acidification, and climate
changes!***®, The area of Phewa Lake was 10 km?
in 1956/57 which was reduced to 4.4 km* by 1998%%!,
which further reduced to 4.02 km? in 2019%% thus
losing about 60% ofits area over seven decades. Sev-
eral studies have been conducted over the years to
estimate the annual sediment accumulation in Phewa
Lake and its potential impact on the lake’s capacity.
In 1994, the survey conducted by the Department of
Soil Conservation estimated that the annual sediment
accumulation in Phewa Lake was between 175,000
and 225,000 m*PY. However, subsequent research
conducted by Ross and Gilbert in 1995-1996 re-
vealed a significant decrease, with an estimated sed-
iment accumulation of 78,700 m’ and anticipated
that the lake will lose 80% of its capacity within 360
years (by 2359)12. Sthapit and Balla conducted a
survey covering the period from March 1990 to Feb-
ruary 1998, which revealed an annual sedimentation
rate of approximately 180,000 m*/year. They con-

cluded that if this sedimentation rate persisted,



Phewa Lake would lose 80% of its storage capacity
within the next 190 years (by 2188), rendering the
lake practically useless’®*!. Furthermore, Watson et
al.P" estimated an annual sedimentation influx rang-
ing from 79,000 m® to 224,000 m® in Phewa Lake.
Their findings suggested that, at this rate, the lake
would experience an 80% reduction in storage ca-
pacity within the next 110 to 347 years. The re-
searchers attributed the high sedimentation levels in
Phewa Lake to extensive river bank erosion, which
was exacerbated by extreme rainfall and intensive
land use practices without adequate soil conservation
measures.

The issue of sedimentation should be addressed
to conserve Phewa Lake. To mitigate sedimentation,
siltation dams, and sediment retention ponds were
constructed at the outlets of four streams of the
Phewa watershed: Beteni Stream, Lauruk Stream,
Andheri Stream, and Harpan Stream. These particular
sub-watersheds, namely Beteni, Lauruk, Andheri,
and Harpan, are not only the most vulnerable within
the Phewa watershed but also the primary contribu-
tors to sediment loading into the Phewa Lake!****.
This construction initiative, led by the Gandaki Prov-
ince Government and Pokhara Metropolitan Munic-
ipality, was completed at the beginning of 2020,
prior to the monsoon season. However, an essential
aspect of the project, the characterization of the sub-
watershed and quantification of annual sediment
deposition in the sediment retention pond, remains
unexplored. Therefore, this study aimed to bridge the
aforementioned research gap by conducting a com-
prehensive analysis of the sediment potential within
the four sub-watersheds. This analysis included ex-
amining morphometry, land use/land cover, climate,
and geology, as well as human and development fac-
tors. Additionally, the study aimed to estimate the sed-
iment yield from these sub-watersheds specifically for
the year 2020. The findings from this research will
provide valuable insights for prioritizing sub-water-
sheds in the Phewa watershed and formulating effec-
tive conservation and watershed management strate-
gies. Furthermore, the sediment yield data obtained

for 2020 will serve as a baseline for future compari-
sons, enabling the assessment of changes in sediment
yield within the sub-watersheds over time. Ulti-
mately, the outcomes of this study will contribute to
addressing the persistent problem of sedimentation
in Phewa Lake and the Phewa watershed, facilitating
their conservation and management.

2. Study area

Phewa watershed lies in the western part of
Pokhara Valley of Kaski district in the Gandaki
Province of Nepal. The watershed lies within the lat-
itude of 28°11'40.15" to 28°17'25.95" north and lon-
gitude of 83°47'54.22" to 83°59'15.62" east. It covers
an area of 121.93 km” with a geometrical east-west
length of 18.32 km and north-south width 0f 9.53 km
(Figure 1). The altitude of the watershed ranges
from 791 meters above sea level (m.a.s.l.) at the lake
surface to 2,480 m.a.s.l. at the top of Panchase. The
terrain of the watershed, in general, is rugged and
comprised of several folds and steep-sloped hills
with several streams and rivers among Harpan and
Andheri are the major ones. The land use pattern of
the Phewa watershed shows that most of the area of
the watershed is covered by forest (54.1%) followed
by agriculture (40%). Built-up areas, water bodies,
and degraded land occupy 5.1%, 4.7%, and 1% of the
watershed area respectively!!. The climate of the
Phewa watershed is based on annual rainfall events
which bring more than two-thirds of the annual rain-
fall between June to September. The study was car-
ried out in four sub-watersheds (SWs) of the Phewa
watershed, namely SW, Lauruk SW, Andheri SW,
and Harpan SW. The characteristics of the four SWs
are described in Table 1.

Table 1. Characteristics of the four SWs of Phewa Lake

S.N. Name of SW Area Elevation Aspect
(km?)  range (m.a.s.l.)

1 Beteni SW 6.77 803-1,784 South

2 Lauruk SW  3.65 818-1,738 South

3 Andheri SW  26.37  819-2,065 South

4 Harpan SW  30.63 824-2,480 North
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Figure 1. Map showing: (a) Kaski district within Nepal; (b) Phewa watershed within Kaski district; (c) Natural color composite of

Landsat 8. (2.0.2.0.) clipped to Phewa watershed boundary.

3. Methodology

3.1 Data collection

The estimation of sediment volume deposited in
the sediment retention pond of the four SWs was
done through field observation and measurement.
The length and breadth of the sediment retention
pond were measured using a measuring tape. The
level of sediment deposited in the pond was meas-
ured by systematic sampling of spot height using

Pentax Total Station. A grid of 10 m by 10 m was
laid on the pond using a measuring tape. At each
point of the grid, GPS coordinates were taken and the
sediment level was measured.

Training samples for the land use/land cover
(LULC) classification were collected during field
visits using GPS. Furthermore, the secondary data
were also used in the study which were collected
from different sources as illustrated in Table 2.

Table 2. Secondary data used in the study

Data Year Source

Landsat 8 satellite image resolution 30 m 2020 Google Earth Engine (GEE) repository

Shuttle radar topography mission (SRTM) digital elevation - United States Geological Survey (USGS) earth ex-
model (DEM) of resolution 30 m plorer website (https:/earthexplorer.usgs.gov/)
Rainfall data (Pokhara Airport Station and Lumle Station) 1980 to 2020 Department of hydrology and meteorology

Road network 2020 Digitized from google earth imagery

Household and population data 2011 Central Bureau of Statistics

Geological map -

Department of Mines and Geology

3.2 Data analysis

3.2.1 Estimation of sediment yield

4

The volume of sediment accumulated in the
sediment retention pond was calculated by multiply-
ing the average depth of the accumulated sediment
by the pond area. The pond area is the length of the



pond times its breadth. The sediment yield of each
SW was estimated by dividing the deposited sedi-
ment volume by the respective SW area.

3.2.2 Morphometric analysis

ArcGIS Hydrology tools were used for the de-
lineation of SWs and stream networks from DEM.
Siltation dams were taken as the outlets of the SWs.
SWs boundaries and stream networks were con-
verted to vector using a raster-to-vector conversion
tool.

The SRTM DEM of 30 m resolution was used
for the estimation of morphometric parameters of the
four sub-watersheds. Spatial computations were
done with the help of the ArcMap version 10.5. Mi-
crosoft Excel was used for the computations of some

primary and derived morphometric parameters using
attributes computed from spatial data. The morpho-
metric parameters that were computed are stream or-
der (U), stream number (Nu), stream length (Lu),
mean stream length (L), stream length ratio (R/), bi-
furcation ratio (Rb), basin perimeter (P), basin length
(Lb), basin area (4), drainage density (Dd), drainage
texture (7), stream frequency (Fs), elongation ratio
(Re), circularity ratio (Rc), form factor (Ff), relief (R),
relief ratio (Rf), and Ruggedness number (Rn). The
streams were ranked according to Strahler’s stream
ordering system®”!. Table 3 explains the formulae
used for the quantitative determination of the mor-
phometric parameters.

Table 3. Formulae used for the computation of morphometric parameters

Morphometric parameters Formula References
Stream order (U) Hierarchical order [55]
Stream number (N.) Ne=Ni+MN+ ... + Nu [56]
Stream length (L.) Length of the stream [57]
Mean stream length (L) L=Y L,/N,, where, L, = total stream length of order u and N,, = number of ~ [57]
streams of order u
Stream length ratio (R/) Ri=L,/L,_4, where, L, = total stream length of order u and L,,_; = total [57]
stream length of its next lower order
Bifurcation ratio (R») Ry =N, /N1, where, N, = number of streams of order u and N, = number [57]
of streams of next higher order
Basin perimeter (P) ArcGIS analysis [58]
Basin length (L») ArcGIS analysis [58]
Basin area (4) ArcGIS analysis [58]
Drainage density (Da) Da=Y L/A, where, L = total length of stream and 4 = basin area [59]
Drainage texture (7) T=Y N/P, where, N = total number of streams and P = basin perimeter [56]
Stream frequency (Fs) Fs =Y N/A, where, N = total number of stream and 4 = basin area [59]
Elongation ratio (Rc) Re = (2/Ly)\/A/T, where, Ly = basin length, 4 = basin area and 7 = 3.14 [58]
Circularity ratio (Rc) R = 4mA/P?, where, A = basin area, w = 3.14 and P = basin perimeter [57]
Form factor (F)) Fy=A/L?, where, A = basin area and L = basin length [59]
Relief (R) R = H— h, where, H = maximum basin elevation and 2 = minimum basin ele- [60]
vation
Relief ratio (Ry) Rr=R/L, where, R = basin relief and L = basin length [61]
Ruggedness number (R,) Ri: =R x Da, where, R = basin relief and Du = drainage density [61]

3.2.3 LULC analysis

Information regarding LULC is important for
the land processes including hydrological and cli-
matic processes. The LULC maps of respective sub-
watersheds were generated using the cloud-based
computing platform Google Earth Engine (GEE).

Customized GEE code editors were used. LULC
classification was done using pixel-based supervised
classification with Machine Learning Algorithm
(MLA). An examination of composite images was
done to identify sets of training and testing polygons
(based on images, Google Earth, and field visits) for



six classes (forest, agricultural land, water bodies,
barren land, built-up area, and fan deposits) as Fea-
ture Collection using Geometric Tools and Import.
These samples were used to train Random Forest (RF)
classifier within the Google Earth Engine platform.

3.2.4 Climate analysis

Rainfall data from two stations in and around
the Phewa watershed (Pokhara Airport Station and
Lumle Station) from 1980 to 2020 were collected.
Trend analysis of annual rainfall, number of rainfall
days, and monsoon rainfall from 1980 to 2020 was
done using Microsoft Excel.

3.2.5 Human and development factors

The population density of each sub-watershed
was estimated from the census data of 2011. Ward
population density (people/km?) was calculated by
dividing the ward population by ward area (km?).
Ward boundaries were mapped to the sub-watershed
boundaries in ArcGIS. For each ward located only
partially within the sub-watershed, it was assumed
that the ward population density was uniform
throughout the ward and the population was split in
proportion to the ward area within the sub-watershed.

The population density was then calculated by divid-
ing the estimated sub-watershed population by the
sub-watershed area. A similar method was used to
calculate the household density (households/km?) of
each sub-watershed from the census data. The road
density (km/km?) of each sub-watershed was calcu-
lated by dividing the length of the road network (km)
in that sub-watershed by its area (km?).

4. Results and discussion

4.1 Natural factors affecting sediment yield
4.1.1 Morphometric parameters

Morphometric parameters such as linear aspects
(stream order, stream number, steam length, mean
stream length, bifurcation ratio, and mean bifurca-
tion ratio), areal aspects (area, perimeter, basin
length, drainage density, drainage texture, stream
frequency, elongated ratio, circulatory ratio, and
form factor) and relief aspect (basin relief, relief ratio,
and ruggedness number) were computed. The mor-
phometric parameters of the four SWs are tabulated
in Table 4.

Table 4. Morphometric parameters of the four SWs

Morphometric parameters Beteni SW  Lauruk SW  Andheri SW  Harpan SW
Stream number (N.) 1 55 32 190 214

2 18 7 43 50

3 4 1 12 15

4 1 - 3 4

5 - - 1 1

Total 78 40 249 284
Stream length (L.) km 1 19.55 10.79 57.70 61.43

2 8.78 4.54 19.19 25.71

3 2.70 1.59 10.26 10.16

4 1.83 - 4.24 7.09

5 - - 3.43 4.30

Total 32.86 16.91 94.81 108.69
Mean stream length (L) km 1 0.36 0.34 0.30 0.29

2 0.49 0.65 0.45 0.51

3 0.68 1.59 0.85 0.68

4 1.83 - 1.41 1.77

5 - - 3.43 4.30




Table 4. (Continued).

Morphometric parameters Beteni SW  Lauruk SW  Andheri SW  Harpan SW
Stream length ratio (R;) 2/1 0.45 0.42 0.33 0.42
32 0.31 0.35 0.53 0.40
4/3 0.68 - 0.41 0.70
5/4 - - 0.81 0.61
Bifurcation ratio (R») Ry 3.06 4.57 4.42 4.28
R 4.50 7.00 3.58 3.33
Rp3 4.00 - 4.00 3.75
Bifurcation ratio (Rs) Rpa - - 3.00 4.00
Mean R, 3.85 5.79 3.75 3.84
Area (4) km? 6.77 3.65 26.37 30.63
Perimeter (P) km 10.94 8.98 24.81 24.48
Basin length (L) km 3.84 3.30 7.69 7.01
Drainage density (Da) km/km? 4.86 4.63 3.59 3.55
Drainage texture (7) km™! 7.13 4.45 10.04 11.60
Stream frequency (Fs) km™2 11.53 10.95 9.44 9.27
Elongation ratio (Re) 0.76 0.65 0.75 0.89
Circularity ratio (Rc) 0.71 0.57 0.54 0.64
Form factor (F}) 0.46 0.34 0.45 0.62
Maximum elevation (H) m 1,784 1,738 2,065 2,480
Minimum elevation (4) m 803 818 819 824
Relief (R) m 981 920 1,246 1,656
Relief ratio (Ry) 0.26 0.28 0.16 0.24
Ruggedness number (R») 4.76 4.26 4.48 5.88

Beteni SW has up to the 4™ order stream,
Lauruk SW has up to the 3™ order stream, Andheri
SW has up to the 5" order stream and Harpan SW
has up to the 5™ order stream. The stream order is
directly proportional to the watershed size. Since
Harpan SW has a greater size, it also has a greater
number of streams than the other SWs. Higher
stream order is related to higher discharge and
greater velocity of streamflow!®”). This implies that
Andheri SW and Harpan SW have higher discharge
and velocity of streamflow whereas Lauruk SW has
lower discharge. The result also showed that the total
stream length of the SWs is inversely proportional to
the stream order. Similar results were reported by
other empirical studies®®®. This is related to the
slope and physiographic characteristics of the water-
shed. This further indicates that the infiltration ca-
pacity of the watershed varies with the level of
stream order. A shorter stream length indicates steep
slopes and a longer stream length indicates gentle

slopes!®®!. The drainage network maps of the SWs are
illustrated in Figure 2.

The bifurcation ratio associates the hydrologi-
cal characteristics of the watershed with its climatic
condition and geological structurel®. If the bifurca-
tion ratio of a watershed is less than 3.0, the geolog-
ical structure of the watershed is flat and homogene-
ous. Similarly, if the bifurcation ratio of the water-
shed lies between 3.0 and 5.0, the geological struc-
ture of the watershed does not affect its drainage pat-
tern®”). The bifurcation ratio of all four SW ranges
between 3.0 to 5.0. It implies that the SWs have un-
even topographic structures. The mean bifurcation
ratio of Lauruk SW is higher than the other SWs, so
it has a greater probability of flooding leading to
greater sediment yield.

Low drainage density is found where basin re-
lief is low and high drainage density is found where
basin relief is high with high runoff and erosion po-
tential®®>7). With this regard, Beteni SW is relatively



more susceptible to higher sediment yield as it has a
higher drainage density. Contrary to this, Harpan SW

has the lowest drainage density and shall produce
less sediment yield.
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Figure 2. Drainage pattern and stream orders of (a) Beteni SW; (b) Lauruk SW; (c) Andheri SW; and (d) Harpan SW.

4.1.2 Slope

The slope map of the four SWs prepared using
SRTM DEM is shown in Figure 3. The slope of
Beteni SW varies from 0° to 46.70° with a mean

slope of 20.81° and slope standard deviation of 7.03°.

The slope of Lauruk SW varies from 0° to 48.49°
with a mean slope of 18.24° and slope standard de-
viation of 6.40°. The slope of Andheri SW varies

from 0° to 62.28° with a mean slope of 20.81° and
slope standard deviation of 8.56°. The slope of Har-
pan SW varies from 0° to 58.85° with a mean slope
of 22.74° and slope standard deviation of 9.10°. The
higher average slope of the SWs is an indication of
the generation of quick runoff during rainfall events.
Harpan SW has the highest mean slope whereas
Lauruk SW has the lowest mean slope.
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Figure 3. Slope distribution map of (a) Beteni SW, (b) Lauruk SW, (c¢) Andheri SW, and (d) Harpan SW.
Table 5. Distribution of slope classes in the four SWs
Slope class Beteni SW Lauruk SW Andheri SW Harpan SW
Area (km?) Area % Area (km?) Area%  Area(km?) Area%  Area (km?) Area %
0°-5° 0.33 4.87 0.06 1.64 0.37 1.40 0.29 0.93
15°-30° 1.11 16.43 1.02 27.78 6.12 23.21 4.82 15.74
15°-30° 4.97 73.53 2.46 67.37 16.29 61.76 17.78 58.06
30°-45° 0.35 5.13 0.11 3.13 3.34 12.65 6.93 22.63
>45° 0.00 0.03 0.00 0.08 0.26 0.98 0.81 2.64
Slope-area analysis as shown in Table 5 indi- areas under higher slopes (greater than 30°) than the

cates that the maximum area of all the SW lies under other SWs. This also indicates that Harpan SW pro-
a moderate slope (15°-30°). Harpan SW has larger duces greater runoff during rainfall events. Therefore,



it is more prone to sediment loading than the other
SWs.

4.1.3 Land use/land cover

The land use/land cover classes delineated for
the four SWs include agricultural land, forest, built-
up areas, water bodies, barren land, and fan deposits
as shown in Figure 4. Beteni SW had 45.47%,
10.97%, 0.96%, 35.35%, and 7.15% under agricul-
tural land, barren land, fan deposits, forest, and built-

up area respectively. Lauruk SW had 55.25%, 7.81%,
0.63%, 30.19%, and 5.86% under agricultural land,
barren land, fan deposits, forest, and built-up area,
respectively. Andheri SW had 40.70%, 7.81%, 3.07,
44.97%, and 3.45% under agricultural land, barren
land, fan deposits, forest, and built-up area respec-
tively. Harpan SW had 13.97%, 2.13%, 0.26%,
82.54%, and 1.10% under agricultural land, bar-
ren land, fan deposits, forest, and built-up area
respectively. These results show that Beteni SW
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Figure 4. Land use land cover map of (a) Beteni SW; (b) Lauruk SW; (c) Andheri SW; and (d) Harpan SW.
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and Lauruk SW were mostly covered by agricultural
land while Andheri SW and Harpan SW had the
highest percentage of forest area.

Beteni SW and Lauruk SW had less forest cover
and more agricultural land as compared to Harpan

SW. Similar results were shown by other studies!®”**,

Baral et al.'*"! found that forest was dominant on the
southern part and upper slopes and agricultural land
and built-up area were more prevalent on valley
floors, foot slopes, and hill terraces of the Phewa wa-
tershed.

The type and distribution of land use land cover
classes have a high impact on hydrological pro-
cesses'®’l. Therefore, Beteni SW and Lauruk SW can
generate more surface runoff as it has less forest
cover compared to Andheri SW and Harpan SW.
Harpan SW has most of the area covered by forest

and shall produce less surface runoff and less sedi-
ment yield.

The distribution of agricultural land in different
slope classes is depicted in Figure 5. Agricultural
land was dominant in the moderate slope class (15°—
30°). Similar results were shown by Leibundgut et

(81 The main reason for the dominance of agricul-

al.
tural land in this slope class was due to soil condi-
tions, better ability for terracing, water drainage, and
access to roads. Beteni SW, Lauruk SW, Andheri
SW, and Harpan SW had 74.37%, 64.33%, 62.85%,
and 55.55% of the agricultural land under moderate
slope class (15°-30°), respectively. Similarly, 2.83%,
2.01%, 3.76%, and 14.77% of the agricultural land
in Beteni SW, Lauruk SW, Andheri SW, and Harpan

SW were above 30° slope.

m>45" m30° -45°

Andheri1 Khola SW

Lauruk Khola SW

m15°

Harpan Khola SW _

Beteni Khola SW %

- 30°

5°-15" m0°-5°

0 10 20

30
Percentage of total agricultural land

40 50 60 70 80

Figure 5. Distribution of agricultural land in different slope classes.

4.1.4 Geology

The Phewa watershed mostly comprises rocks
of two formations; the Kuncha formation and the
Fagfog quartzite of Central Nepal Lesser Himalaya.
Kuncha Formation occupies the maximum area of
Beteni SW, Lauruk SW, and Andheri SW whereas
most of the area of Harpan is covered by Fagfog
quartzite (Figure 6). Kuncha Formation occupies
87.84%, 80.01%, 57.05%, and 6.41% of Beteni SW,
Lauruk SW, Andheri SW, and Harpan SW respec-
tively. Similarly, 75.90% of Harpan SW is covered
by the Fagfog quartzite formation. Kuncha formation
is characterized by thin-to-medium beds of grey
phyllites and grey sandstones that are thinly foliated
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and highly weathered. Fagfog quartzite is repre-
sented by white, medium to thick beds of coarse-
grained quartzites. The quartzites are marked by
massive beds and current ripples. Sand gravels are
found in hill slopes and unconsolidated sediments
are found in alluvial fan deposits. There is also the
presence of large-scale thrust faults and many small
faults.

The phyllites of the Kuncha formation are geo-
logically fragile and are more likely to fail during
monsoons!*®). However, quartzites are more stable
compared to phyllites and less likely to slope failure.
Kuncha formation comprises the maximum area of
Beteni SW, Lauruk SW, and Andheri SW. Fagfog
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Figure 6. Geological map of (a) Beteni SW; (b) Lauruk SW; (c¢) Andheri SW; and (d) Harpan SW.

quartzites comprise the maximum area of Harpan
SW. So, geologically, Harpan SW is more stable
compared to Beteni SW, Lauruk SW, and Andheri
SW. Due to stable geology, Harpan SW has less po-
tential for sediment loading than other SWs.

4.1.5 Climate

The measured rainfall data at two stations in
Kaski (Pokhara Airport Station and Lumle Station)
from 1980 to 2020 were collected and analyzed. The
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rainfall amount varies intensively from year to year
from 1980 to 2020. The linear trend was used to
study the variations in the magnitude of rainfall at
Pokhara Airport Station and Lumle Station. The
trend of rainfall generally decreased at Pokhara sta-
tion as shown in Figure 7 and the mean annual pre-
cipitation was 3,838.66 mm. The highest rainfall rec-
orded was 5,398.43 mm in the year 2020 and the
lowest rainfall recorded was 2,966.8 mm in the year



2005. The analysis of rainfall amount at Lumle sta-
tion showed a slightly increasing trend of annual
rainfall from 1980 to 2020 with mean annual precip-
itation of 5,441.27 mm. The wettest year was 1995

with an annual rainfall of 6,556.7 mm while the low-
est rainfall recorded was 4,294.7 mm in the year
2006.
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Figure 7. Trend analysis of annual rainfall from 1980 to 2020.

The annual rainfall in the year 2020 recorded
at Pokhara Airport Station was 5,398.43 mm and at
Lumle station was 6,152.23mm. Analysis of rain-
fall data shows a decrease in the number of rainfall
days (Figure 8) and a corresponding increase in the
number of dry days; however, the average annual

rainfall is about the same. This means that the rain-
fall is more intensive within a shorter timeframe.
The monsoon rainfall amount also varies inten-
sively from year to year from 1980 to 2020. But the
trend of monsoon rainfall is almost constant (Fig-
ure 9). The average monsoon rainfall at Pokhara
station was 2,796.41 mm and at Lumle station was
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Figure 8. Trend analysis of the number of rainfall days from 1980 to 2020.
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Figure 9. Trend analysis of monsoon rainfall from 1980 to 2020.

4,315.00 mm with about 76% of the rainfall occur-
ring during monsoon.

The trend analysis of rainfall shows that the an-
nual precipitation is slightly increasing but the num-
ber of rainfall days is decreasing. The annual rainfall
in the year 2020 recorded at Pokhara Airport Station
was 5,398.43 mm and at Lumle station was 6,152.23
mm. Annual rainfall and peak short-period rainfall
amounts during extreme events could increase sedi-
ment delivery to Phewa Lake®”.. Frequent and in-
tense rain events can increase erosion and result in
greater amounts of sediment washing into rivers,
lakes, and streams. Stronger storms, higher river lev-
els, and faster stream velocity can increase erosion
and result in increased suspended sediment (turbidity)
in water bodies as well as affect the normal distribu-

tion of sediment along the river, lake, and stream
beds.

4.2 Anthropogenic factors affecting sediment
yield
4.2.1 Household density and population den-
sity

The household density of the SWs varied from
19 households/km® (in Andheri SW) to 82 house-
holds/km? (in Harpan SW) according to census 2011.
This household density is much less as compared to
the area around Phewa Lake. Watson et a/. found that
505 buildings are located within 65 m and 1,687
buildings are located within 200 m distance from the
shoreline of Phewa Lake in 20175%. The population
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density of SWs varied from 68 people/km? (in Har-
pan SW) to 321 people/km? (in Lauruk SW) accord-
ing to the census 2011. The population of the Phewa
watershed was 36,092 in 2001 which declined to
34,859 in 2011 but the number of households in-
creased from 7,318 to 8,860, This decrease in pop-
ulation might be due to the migration of people from
higher elevations to lower elevations within the wa-
tershed as well as outmigration which is causing the
abandonment of terrace farms. This has led to the
failure of the terrace and gullies formation in many
places leading to sedimentation into Phewa Lake*.,
The greater household density and population den-
sity of Lauruk SW suggest that it has a higher poten-
tial for sediment loading whereas Harpan has less po-
tential for sediment loading. The population and
household density maps of the SWs are illustrated in
Figures 10 and 11 respectively.

4.2.2 Road density

Beteni SW had the highest road density of 3.58
km/km? and Harpan had the lowest road density of
1.39 km/km?. Similar results were shown by other
studies'®®. The total road length of four SWs cover-
ing an area of 67.42 km?® was 129.63 km in 2020 as
digitized from Google Earth Imagery. The length of
the rural earthen road in the Phewa watershed was 23
km in 1979 which was increased to 310 km in 2013
and 344 km in 2016!°*!, An increase in rural earthen
road networks increases road-induced sediment that
contributes to the Phewa watershed sediment



budget*®!. Beteni SW and Lauruk SW have higher sediment. The road network map of the SWs is given

road density and can produce greater road indued in Figure 12.
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4.3 Sediment yield of 2020

The sediment yield of the four SWs in the year
2020 is shown in Figure 13. The total deposited sed-
iment volume in the four ponds was 85,368.45 m’.
The deposited sediment volume in the ponds of
Beteni SW, Lauruk SW, Andheri SW, and Harpan
SW was 9,617.92 m®, 8,322.50 m®, 43,952.63 m’,
and 23,475.40 m®, respectively. The sediment yield

of the sub-watersheds was estimated from the depos-
ited sediment volume. The sediment yield of Lauruk
SW was highest (2,280.14 m*/km?*/year) followed by
Andheri SW (1,666.47 m’/km*/year), Beteni SW
(1,420.67 m*/km?*/year), and Harpan SW (766.42
m*/km?/year). The high sediment yield at Lauruk SW
in 2020 was due to intense agricultural practices in
slopes and recent rural road construction activities.
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Figure 13. Sediment yield of the four SWs in 2020.
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5. Conclusion

Phewa watershed lies in a fragile physiographic
zone that experiences intense monsoon rainfall. In
addition to natural processes, unplanned infrastruc-
ture development, and increasing population have
triggered further destabilization of the land surface
resulting in sedimentation into the Phewa Lake. By
analyzing various factors such as morphometric pa-
rameters, LULC, geology, household density, popu-
lation density, and road density, we have identified
variations in sediment loading potential among the
sub-watersheds. Harpan SW exhibits comparatively
lower potential for sediment loading due to its lower
drainage density, lower bifurcation ratio, greater for-
est cover, and stronger geology, coupled with lower
household density, population density, and road den-
sity. On the other hand, Beteni SW displays a higher
potential for sediment loading compared to the other
sub-watersheds, attributable to its higher drainage
density, higher bifurcation ratio, reduced forest
cover, weaker geology, higher household density,
population density, and road density. Regarding the
sediment yield of the sub-watershed in 2020, Lauruk
SW had the highest sediment yield at 2,280.14
m’/km?/year, while Harpan SW has the lowest at
766.42 m*/km?/year. Overall, the present study con-
cludes that the study of morphometry, geology,
LULC, climate, and human and development factors
is vital to understand the sediment loading potential
of a watershed. It is crucial to conduct appropriate
land use planning and rural road construction by con-
sidering the local hydrogeology. Likewise, siltation
dams and sediment retention ponds were found to be
effective sediment-trapping structures at the outlets
of the sub-watersheds. Even though the dams were
successful to retain bedload and sand-gravel catego-
ries sediments, suspended sediments like mud and
silt were allowed to flow through the dams, which
were not assessed by the present study. Therefore,
further estimation of suspended sediment should be
done in the future to analyze the total sediment gen-
erated and transported within the sub-watersheds.
Also, the capacity of retention ponds was less than
the amount of sediment brought by the streams. So,
it is advisable to remove the sediment deposited in
the pond at least twice during monsoon to ensure
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maximum efficiency of the pond. The lifespan of the
siltation dams was short and were likely to fail dur-
ing heavy flood, i.e., to ensure their sustainability,
they should be integrated with a series of check dams
and bamboo plantation along the drainage and on-
site soil conservation measures. Economic utiliza-
tion of deposited materials in retention ponds, bam-
boo-based enterprise and commercial agroforestry
system can offset the cost of conservation.
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