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a b s t r a c t

Among braided rivers developed on the Qinghai-Tibet Plateau of China at very high elevations
(>3,500 m), the middle and lower reaches of the Lhasa River have been affected by comprehensive
human activities mainly involving dam construction, urbanization, farming, afforestation, and mining. In
the current study, the impacts of these human activities on hydrology and morphology of the four
braided reaches downstream of a cascaded of two dams are investigated. The study period was divided
into 1985e2006 (P1), 2006e2013 (P2), and 2013e2019 (P3), representing the natural and changed flow
regimes by dams. Using available daily discharge data at two stations within the four braided reaches,
dam-induced hydrological alteration was analyzed based on the indicators of hydrologic alteration and
range of variability approach and key discharge proxies were calculated. Remotely sensed images also
were selected in the three periods and morphological metrics extracted from them were compared for
the four reaches among these periods. Attenuated hydrological regimes were found for only two reaches.
The total channel width (Wc) and braiding intensity (BIt) followed different temporal trends among the
four reaches. Annual average shift rates of the main channel in the four reaches were higher in the short
(P2eP3) than in the long (P1eP2 and P1eP3) periods. The longitudinal changes of Wc and the number of
channels did not have any identifiable trend among the four reaches. By linking the morphological
changes to quantified spatial and temporal patterns of various human activities, it was found that (1) the
two dams had insignificant impact on channel morphology, suggesting that the studied braided river
might have a short relaxation time and (2) the evolutional trajectories of morphological changes in most
of the four reaches were similar, suggesting that temporal trends of morphological changes due to
complex human activities are not affected by the different physiographic settings of the reaches.
Continuous exploitation of the valley area requires comprehensive river management strategies for
coordinating various human activities.
© 2021 International Research and Training Centre on Erosion and Sedimentation/the World Association

for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.
1. Introduction Bertoldi, Gurnell, et al., 2009; Boruah et al., 2008; Paetzold et al.,
Braided rivers exist in various alluvial environments, such as
mountainous regions and lower-gradient alluvial plains (Ashmore,
2013; Downs & Pi�egay, 2019; Limaye, 2017; Stecca et al., 2019).
These multithread channels with relatively shallow flows and their
ambient floodplains jointly form a complex riverine wetland,
where braided rivers are turned into dynamic habitats for aquatic,
terrestrial, and bird species by pulsed floods (Belletti et al., 2012;
g Centre on Erosion and Sediment
2005; Pi�egay et al., 2009), and become vital riverine ecosystems
(Gran et al., 2015; Ligon et al., 1995; Nilsson et al., 1997; Shields &
Milhous, 1992; Zhang et al., 2011).

Braided channels alternately diverge and converge, coupled
with lateral erosion under the condition of (near) bankfull flows
during flood seasons (Ashmore et al., 2011; Bertoldi, Zanoni, &
Tubino, 2009). Most previous studies have concentrated on mor-
phodynamic processes of braided rivers located in low-altitude
alluvial plains that may be exemplified by the Jamuna-
Brahmaputra River, lower Yellow River, and estuary zones (Dubey
et al., 2014; Li et al., 2017, 2018; Lotsari et al., 2014; Schuurman et
al., 2013), and relatively medium-altitude valleys, such as the
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Piave andWaitaki rivers (Stecca et al., 2019; Ziliani et al., 2020). The
braided reaches of the Lhasa River, however, are located in the
southeast Qinghai-Tibet Plateau (QTP) with an average elevation of
above 3,650 m. Similar to others in the QTP that are distributed in
the source regions of the Yellow, Yangtze, Lancang, and Yarlung
Tsangpo river basins (Li et al, 2016, 2020a, b; Wang et al., 2016),
these braided reaches play vital ecological roles in maintaining
local riverine ecosystems. Nonetheless, the braided channels of the
Lhasa River have been uniquely subject to a variety of increasingly
complex and intense human activities in the past three decades
(Yang&Hu, 2013). Hitherto, it is still unknown how their hydrology
and morphology have responded the intense human disturbance.
The current study aims at revealing these responses.

Sitting in the cold and arid Lhasa River valley, the braided rea-
ches serve as vital river corridors in sustaining the local eco-
hydrological balance and living environments of about 0.7 million
residents in the Lhasa River basin (Jiang et al., 2019; Li & Xu, 2015;
Wu et al., 2018; Zhang et al., 2010). In particular, the braided rea-
ches are the main sources of drinking water for Lhasa and nearby
towns, as well as for agricultural irrigation and industrial usage.
Owing to the severe shortage of electric power in the Lhasa City
before 2000, Zhikong and Pangduo dams were successively built on
the main channel of the upper Lhasa River basin in 2006 and 2013,
respectively, which directly altered the natural regimes of runoff
and sediment flux (Yang & Hu, 2013). Moreover, rapid population
growth and socioeconomic development of Lhasa in the last three
decades has catalyzed (1) continuous land expansion of the city and
smaller towns along the river, (2) agricultural development within
the wider sections of the valley, (3) in-channel hydraulic projects,
and (4) afforestation for controlling aeolian erosion processes
(Chen et al., 2019; Tao et al., 2019). These human activities have
profoundly disturbed the natural evolutional trajectory of the
braided channels both directly and indirectly, making them the
most intensely interrupted and fragile river systems across the QTP.

Morphological responses of braided rivers to human inter-
ruption has been the subject of many previous studies. For
example, the operation of a cascade of reservoirs resulted in
reduction of braided channel activity (Chien, 1985; Stecca et al.,
2019; Wang et al., 2007; Wu et al., 2018), and bank protection
or embankment construction restrained free scouring of and
sedimentation in braided channels (Li et al., 2017; Stecca et al.,
2019). A long-standing challenge is that these responses are
time sensitive, and, thus, the required time for reaching a new
equilibrium varies depending on types of disturbance (Han et al.,
2020; Nelson et al., 2013; Richard et al., 2005; Xia et al., 2014).
Estimating the morphological response of braided rivers is
further confounded by possibly altered hydrological regimes due
to increased glacial runoff and extreme flood events in the
context of global climate change (Bakker et al., 2019; Chalise et
al., 2021; Ziliani et al., 2020). Consequently, morphological
changes of the braided channels in the Lhasa River in response to
intense anthropogenic activities cannot be simply inferred from
findings in braided rivers located in other regions as the impacts
of human activities on rivers often are site-specific (Csiki &
Rhoads, 2014). There is a clear knowledge gap regarding the
human impact on the Lhasa River. The objective of the current
study is to reveal the morphological response of the Lhasa River
to comprehensive human activities over a period of three de-
cades. Scientifically, the current study will yield useful results to
facilitate the derivation of general rules of river adjustment under
the influence of anthropogenic activities at the global scale
(Downs & Pi�egay, 2019) because knowledge of river adjustment is
lacking in this area with unique physiographic characteristics.
Practically, the current study will help local government strate-
gically manage human interventions on the Lhasa River, which is
a vital habitat supporting the city of Lhasa, which is the center of
Tibetan politics, economics, culture, and religion.

The objectives of the current study by focusing on the down-
stream braided reach of the Lhasa River below the two dams are (1)
examining the hydrological responses to the two constructed
dams; and (2) revealing morphological responses of the studied
river reach to other human activities. Using available daily
discharge data over the past three decades at the two gauging
stations within the studied reach, the altered hydrological charac-
teristics are examined. High-resolution images also are obtained
from Google Earth and Gaofen (http://www.cresda.com/CN/index.
shtml) to quantify the scope and changes of human activities in
the valley of the studied reach. By selecting three sets of Landsat
images in three representative years in the period 1985e2019,
three morphological indices are computed, the total channel width,
braiding intensity, and lateral shift rate of the main channel, and
their spatiotemporal changes are examined in the four sub-reaches
that comprise the studied braided reach. Finally, the connection
between historical changes of various human activities and
morphological adjustment of these sub-reaches is revealed, and the
river management implications are examined.

2. Materials and methods

2.1. The study area

Lhasa River is the largest tributary of the Yarlung Tsangpo River
in the southern QTP (see the inset in Fig. 1a). The middle and lower
Lhasa River develops one of the highest braided channels on the
earth with an elevation of 3,590e4,030 m.a.s.l. It ranges from
29�200e31�150 N, 90�050e93�200 E, with a total length of 568 km
and a basin area of 32,896 km2 (Fig. 1a). The Lhasa River basin is
dominated by a semi-arid climate, characterized by strong solar
radiation, long sunshine hours, low air temperature, and large
differences of diurnal temperature. It only experiences two seasons
annually, the wet and dry seasons. The former is short and warm,
typically from June to September, while the latter is long and cold,
usually extending from October to May. The mean annual precipi-
tation ranges between 340 and 700 mm, 90% of which is concen-
trated in the wet season. The mean annual evaporation is in the
range between 660 and 1,268 mm.

The selected study reach stretches about 145.7 km in the valley
of the middle and lower Lhasa River basin from Zhikong Dam to the
confluence with the Yarlung Tsangpo River at Qushui, and is joined
by three tributaries, the Mozhumaqu, Pengboqu, and Duilongqu
rivers (Fig. 1a and 1b). The valley is filled with alluvial and fluvial
deposits with a mean gradient of 0.2%. The entire valley floor serves
as the river corridor. Pangduo (upstream) and Zhikong (down-
stream) dams (Fig. 1a) were constructed in the upstream section of
the study reach in 2013 and 2006, respectively. Pangduo Dam
controls a watershed area of 16,370 km2 with a mean annual runoff
of 6.21 � 109 m3 and a total storage capacity of 1.23 � 109 m3. Its
reservoir serves as a comprehensive hydropower project of water
conservancy and its utilization has multifunctional services
including irrigation, power generation, flood control, and fresh-
water supply. Zhikong Dam is located 65 km downstream from
Pangduo Dam, and is 106 km upstream of Lhasa (Fig. 1a and 1b). It
controls a drainage area of 20,179 km2with amean annual runoff of
7.47 � 109 m3 and a total storage capacity of 0.224 � 109 m3. The
primary function of the Zhikong Reservoir is generation of hydro-
electric power, accompanied by side functions for irrigation and
flood control. The total annual runoff volume of the studied reach is
9.08� 109 m3 with a mean annual discharge of 242 and 287m3/s at
the two gauging (i.e., Tangjia and Lhasa) stations (Fig. 1b). Their
average runoff coefficients are 0.78 and 0.75, respectively.
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Fig. 1. Geography and geomorphologic settings of the study area. (a) Geographic locations of the studied braided reach, meteorological and hydrological stations, and the two
upstream dams; (b) the four (A, B, C, and D) smaller reaches within the study reach and their geographic relationships with the two hydrological stations and three tributaries; (c)
variations of the geomorphological characteristics among the four small reaches (reaches A, B, C, and D are represented by 1, 2, 3, and 4, respectively, on the horizontal axis).
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The study reach was divided into four smaller reaches, which
are A, B, C, and D from upstream to downstream (Fig. 1b). Reach A is
immediately below Zhikong Dam. It extends for about 16 kmwith a
mean gradient of 0.33% and its valley covers the area of 33.36 km2.
No tributary flows into this reach. Reach B is about 46.3 km long
with a mean gradient of 0.25% and has a valley area of 141.16 km2.
Reach C is 49.8 km long with a mean valley slope of 0.21%. It has a
valley area of 172.28 km2. Reach D is 31 km long with a mean
gradient of 0.77% and covers the area of 82.92 km2. These four
reaches have differentmean gradients S andmean valley widthsWv
(Fig. 1c), representing spatially variable channel morphology and
valley settings of the study reach. The current study focused on the
temporal responses of hydrology and channel morphology to the
dynamic human activities from 1985 to 2019. To correctly reflect
the impact of the two dams constructed at different time on hy-
drology and channel morphology, the study period was divided
into three periods, 1985e2006 (P1), 2006e2013 (P2), and
2013e2019 (P3), representing the natural flow regime, the changed
flow regime due to the completion of Zhikong Dam (Fig. 1a), and
the further altered flow regime caused by the completion of Pan-
gduo Dam (Fig. 1a), respectively.
2.2. Methods

2.2.1. Data acquisition and error assessment
Daily discharges from 1956 to 2016 were obtained from the

Tangjia and Lhasa hydrological stations for characterizing the hy-
drological regime and its temporal changes in the study reach (data
are missing from 1956 to 1962 and in 1996 for the Tangjia station,
while those from 1969 to 1972 are missing for the Lhasa station).
Landsat images ranging between 1990 and 2018 and Gaofen (GF)
(http://www.cresda.com/CN/index.shtml) images in 2015 covering
different parts of the study reach were initially selected. These
images have been pre-processed for radiative correction and
georeferencing (http://www.gscloud.cn). Although most of the
images were obtained in the dry season whenwater discharges are
generally low, there are still two caveats. First, some only cover a
proportion of the study reach. Second, somewere obtained in years
when daily discharges are not available, such that it is uncertain
whether channel morphology extracted from them may be com-
parable with that from other images. Therefore, two sub-sets of the
original images are carefully selected (Table 1). The first set includes
Landsat images in 1990, 2010, and 2015/2016. These images cover

http://www.cresda.com/CN/index.shtml
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Table 2
Two sets of remotely sensed images with different resolutions for error assessment.

Image type Date Daily discharge (m3/s) Covered reach

GF1 12/12/2015 45.5 A, B
GF2 12/29/2015 94.1 B

12/29/2015 70.3 C
Landsat 8 12/30/2015 78.7 A, B

12/30/2015 68.7 C
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all four reaches and represent the three time periods, P1, P2, and P3.
In a given year, images covering different reaches may not be al-
ways from the same dates. The second set contains Landsat images
only available in February, April, October, and December of 2016 to
reflect the intra-annual changes of channel morphology.

For the first set of images, the associated daily discharges were
not exactly the same (Table 1). To test whether these discharge
variations would affect the extracted channel morphology, and,
thus, hinder the comparison among the four reaches, two types of
error analysis were applied. In the first one, we used the Landsat
and GF images in 2015 that are partially overlapped in reaches A, B
(sub-area B1 and B2), and C (sub-area C1 and C2) (Table 2) to
calculate the total channel width for the selected transects and
compared them. The result (reaches A, B1, B2, C1, and C2) showed
(Fig. 2a) that the average difference between the two was 9.36 m.
Given that the GF2 images have the resolution of 4e8 m, this dif-
ference suggests that extracting channel widths from the Landsat
data would lead to the error of 9.36 m, which is much less than the
Landsat resolution 30 m. It appears that the error possibly arising
during morphological extraction from the Landsat images is
limited. However, the images used for comparison are associated
with different daily discharges (Table 2). It is still not sure how
differences in discharges among the Landsat images used for
comparison would affect the morphological comparison. In the
second test, the calculated widths were compared for two sets of
images in February 16 and 23 and April 27, 2016 when the dis-
charges for the four reaches were different (Table 1). The compar-
ison showed (Fig. 2b) that the average difference could be 33.7 m,
slightly greater than the resolution (30 m). Given that the discharge
differences for reaches A, B, C, and D among P1, P2, and P3 were all
within the range of discharges among the tested images, the impact
of different discharges among the selected Landsat images on
extracted channel morphology is a constraint.

A variety of human activities can be identified in these four
reaches. They may be generally classified into four types: (1)
Agricultural activity, which is represented by farmland; (2) con-
struction activity, which mainly includes urbanization, and con-
struction of roads, bridges, small canals, and check dams, is
represented by the area of urban lands and identifiable construc-
tion sites henceforth referred to as urban area; (3) afforestation,
which refers to trees planted by human beings on sand/gravel bars
and valley floors within and outside of the braided system, and is
represented by their coverage (planting) areas; and (4) mining,
Table 1
Two selected sets of remotely sensed images.

Image type Date D

Set 1 Landsat 5 03/03/1990 6
04/13/1990 4
04/13/1990 5

Landsat 8 04/11/2010 4
05/22/2010 4

Landsat 8 12/21/2015 6
02/16/2016 5
02/23/2016 1

Set 2 Landsat 8 02/16/2016 5
02/23/2016 1
04/04/2016 6
04/27/2016 7
04/27/2016 5
10/20/2016 5
10/20/2016 4
10/29/2016 1
12/07/2016 6
12/07/2016 7
12/16/2016 5

Note: *LS - the Lhasa hydrological station, **TJ - the Tangjia hydrological station.
which denotes the areas disturbed by sandpits and is represented
by the disturbed area. Areas of construction, farmland, and mining
were extracted from the three Google Earth images (with the res-
olution of about 1 m) from 1990, 2010, and 2019, which represent
periods P1, P2, and P3, respectively. Areas of afforestation (i.e.,
planting trees) alsowere determined from the three selected sets of
Landsat images (Fig. 3ae3d). Their spatial and temporal variations
among the four smaller reaches then were examined.

2.2.2. Hydrologic analysis
The obtained daily discharge data were used to determine the

Indicators of Hydrologic Alteration and Range of Variability
Approach (IHA-RVA) (Richter et al., 1998) for quantifying the
degree of the variability in the natural hydrologic regime of the
study river (i.e., the Lhasa River) due to construction and oper-
ation of the cascade of two reservoirs. The IHA-RVA generally
involves 32 hydrologic metrics (Magilligan & Nislow, 2005; Song
et al., 2020; Yu et al., 2016) to identify alteration that occurred in
the five critical components of the natural flow regime, i.e.,
magnitude, frequency, duration, timing, and rate of change (Poff
et al., 1997; Richter et al., 1996). This method has been widely
used to reveal the impact of dams on hydrological processes of
many rivers in the world (Gao et al., 2012; Gierszewski et al.,
2020; Jiang et al., 2019; Li et al., 2017; Remo et al., 2018; Sojka
et al., 2016; Song et al., 2020).

Alteration of the hydrological regime possibly caused by the
cascade of the two dams was examined using the IHA-RVA for
determining changes of the indicators between the periods P1eP2,
P1eP3, and P2eP3. Because many of the 32 indicators in IHA-RVA
are intercorrelated, using all of them would lead to considerable
information redundancy (Gao et al., 2009). Yet, no general rule is
available to guide the section of an appropriate sub-group from the
32 indicators. Given that the current study focuses on morpho-
logical responses of the braided reaches to hydrological alteration,
aily discharge (m3/s) Covered reach Period

0.4 (LS*) D P1
3.0 (TJ**) A, B
5.2 (LS) C
8.5 (LS) C, D P2
0.8 (TJ) A, B
0.4 (LS) D P3
0.8 (TJ) A, B
9.6 (LS) C
0.8 (TJ) A, B P3
9.6 (LS) C, D
6.7 (TJ) A
7.6 (TJ) B
0.8 (LS) C, D
15 (TJ) B
61 (LS) C, D
44 (TJ) A
7.0 (TJ) B
6.8 (LS) C, D
0.5 (TJ) A



Fig. 2. Assessment of errors possibly rising from morphology extraction from remotely sensed images. (a) Comparison of the total channel widths obtained from the Landsat images
(WLS) with those from the Gaofen images (WGF) in reaches A, B (sub-area B1 and B2) and C (sub-area C1 and C2); and (b) comparison of WLS values extracted from the images
obtained on 4/27/2016 with those on 2/16/2016 and 2/23/2016. The dotted lines are the linear fitting results of the data.

Fig. 3. Percentages of the areas occupied by the three main types of human activities in the four reaches (a, b, c, and d), construction, farmland, and afforestation (areas occupied by
sandpits are too small to be included here). Although areas of afforestation were obtained in one year (2019), while those of other types were obtained in a different year (2016),
these results were combined to represent current land-use types.
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Han et al. (2020) was followed and selected 22 of the most relevant
indicators were selected. They are 12monthlymean discharges and
10 extreme (maximum andminimum) discharges for 1-, 3-, 7-, 30-,
and 90-days. For each selected indicator, the mean and coefficient
of variation (CV) were calculated. Their degree of change is quan-
tified using the normalized function (Ma et al., 2014):

dk ¼
1� expð�avkÞ
1þ expð�avkÞ

(1)

where dk is the alteration degree of the k-th indicator, a ¼ 3, and vk
is the deviation ratio for each period of change:

vk ¼
PkA � PkB

PkB
(2)

where PkA and PkB are the values of the k-th indicator for each
period of changes. The value of dk ranges between �1 and 1 with
negative and positive values indicating a decrease and an increase
of the indicator, respectively. The magnitude of dk (i.e., |dk|) may be
divided into three categories, |dk| < 0.33 for minor alteration, 0.33�
|dk| < 0.67 for a moderate alteration, and |dk|� 0.67 for a high
alteration (Ma et al., 2014; Richter et al., 1998). Values of |dk| for all
22 selected indicators were subsequently used to determine the
overall degree of hydrological alteration (DT) for the three periods:

DT ¼
1
18

X18

k¼1

jdkj (3)

These 22 indicators and DT values were calculated only for the
Tangjia gauging station as flows at this location have not been
affected by the three tributaries flowing into the lower portion of
the study reach (Fig. 1b). Furthermore, flood frequency analysis was
applied for determining discharges with recurrence intervals of
one, two, and five years (i.e., Q1, Q2, and Q5, respectively) for both
stations. Using these discharges, average days of a year with Q > Q1,
Q2, and Q5, respectively, were determined. Because this value for Q2
andQ5 is too small, only the average number days for Q1 is reported.
Based on these calculations, hydrological properties were
compared between the two stations for P1, P2, and P3.



Table 3
Areas (%) of the four types of human activities in the four reaches.

Reach Farmland Afforestation Urban Sandpit

A 46.99 14.33 4.96 0.18
B 20.35 27.34 2.60 0.47
C 13.45 3.38 55.17 0.26
D 31.46 10.53 4.92 0.02
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2.2.3. Morphological analysis
The Normalized Difference Vegetation Index (NDVI) and Modi-

fied Normalized Difference Water Index (MNDWI) are two
commonly used indices for distinguishing water bodies from land
surfaces in remotely sensed images (Ju & Masek, 2016; Ozyavuz et
al., 2015; Xu, 2006; Zhou et al., 2015). After testing both indices in
the study reach, it was found that NDVI is better in the current case
for identifying boundaries of braided channels, and, thus, NDVI was
used to extract braided channels from each selected Landsat image
(Table 1). Moreover, NDVI values in Landsat images were used to
determine vegetated areas in 2010 and 2019 (i.e., P2 and P3). The
threshold value of NDVI for identifying vegetation was determined
by comparing the vegetation area identified from the 2019 Landsat
image with that from the 2019 Google Earth image.

To examine both reach-averaged and longitudinal variations of
channel morphology, three types of morphological metrics were
calculated based on 80 transects pre-selected along the four rea-
ches (Fig. 3ae3d). The first is the total channel width along each
transect (Wc), defined as the sum of widths for all identified
channels along a given transect. This definition is different from the
commonly used active channel width, which is the reach-averaged
width of both channels and non-vegetated bars (Ziliani & Surian,
2012). Wc was used because (1) more and more valley areas in
the four reaches have been occupied by farming and urban areas
since 1990, such that the change of the active channel width would
not solely reflect the impact of upstream dams; and (2) it also has
been used in previous studies for addressing the downstream
impact of dams on channel morphology (Sanchis-Ibor et al., 2019;
Surian & Rinaldi, 2003).

The second metric is braiding intensity (BIt) for each reach:

BIt ¼
Xn

i¼1

Nci
n

(4)

where Nci is the number of the braided channels along the i-th
transect and n is the number of the selected transects in each reach.
The third metric is the lateral shifting rate of the main braided
channel (Rl) which is calculated in two steps. In the first step, the two
centerlines of the main channels for the 1990e2010, 2010e2019,
and 1990e2019 periods were overlaid and areas of changes were
identified and calculated. This area was treated as an error if it was
too thin (i.e., the average displacement is at least 10 times less than
the length of the overlaid channel segment) or the area is less than
100 m2. In the second step, the identified areas were divided by the
length of the channel segment in the earlier period to get the lateral
displacement. The Rl value was then determined by dividing this
displacement by the number of years in a given period.

The obtained values of Wc, BIt, and Rl were subsequently
compared (1) at the reach scale among the four selected reaches
(i.e., A, B, C, and D) and (2) along the selected transects in the
longitudinal direction. In addition, these values were examined
among months in 2016 to illustrate the intra-annual characteristics
of channel morphology.

3. Results

3.1. Spatially and temporally variable human activities

3.1.1. Current spatial patterns
The four types of human activities in 2019 demonstrate various

spatial variations in the four reaches (Table 3 and Fig. 3a and 3d). In
reach A that was divided into 10 transects (i.e., T0eT9), about 47% of
the valley area is farmland, largely occupying the floodplains of the
sinuous segments in the current braided channels. The second
largest area, which takes about 14% of the valley area, is covered by
afforestation areas. The artificially planted trees are on sand and
gravel bars distributed among the braided segments in the upper
and middle sections of the reach and the floodplain of the down-
stream meandering segment. In addition, there are about 1.66 km2

of the valley area occupied by small villages and towns, accounting
for about 5% of the total area. One mining site sandpit has disturbed
the area of 0.06 km2 (Fig. 3a), only taking less than 0.18% of the total
valley area. The human disturbed area occupies about 66.5% of the
valley area in reach Awith farming as the dominant type of human
activities (Table 3).

In reach B that includes 25 transects from T10 to T34 (Fig. 3b),
the dominant types of human activities are afforestation and
farming, comprising about 27% and 20% of the total valley area,
respectively (Table 3). Afforestation leads to artificially planted
trees distributed on sand/gravel bars and edges of the farmland
throughout the reach and farming results in agricultural lands
flanking both sides of the river system. Urban areas in this reach
primarily focus on the upstream valley, serving as a small town (i.e.,
Mozhugongka) and very limited areas are disturbed by mining,
indicating their localized effect on neighboring channel segments
(Fig. 3b). About 50.8% of the total area is affected by human activ-
ities, which is less than that in reach A (Table 3).

In reach C that includes 28 transects from T35 to T62 (Fig. 3c),
64% of its valley area is disturbed by various human activities
(Table 3). The dominant human activity comprises urban areas,
accounting for about 55% of the total valley area. Continuous ur-
banization is the main factor (Fig. 3c), which is mainly from the
result of the expansion of Lhasa, located in the middle of the reach
and further extended to a proportion of the reach in the upstream
and downstream directions. Although the three check dams in the
middle of the reach could not be included into the urban area,
they have significant impact on channel morphology and cannot
be ignored. Farmland only accounts for about 13.5% of the total
area, much less than in reaches A and B. Farmland primarily is
distributed on the valley sides in both upstream and downstream
portions of the reach. This is because a proportion of farmland has
been converted into urban lands. For example, from 2006 to 2011,
about 24.48 km2 of farmland neighboring the Lhasa were trans-
formed into urban lands. Only 3.4% of the valley area was artifi-
cially planted (Table 3). These trees spread over the majority of the
bars in the upstream and downstream braidplains, apparently
stabilizing these bars. Mining sites again have disturbed a very
confined area in the upstream section, which only comprises
0.26% of the total area. Thus, sandpit influence on channels is
limited.

In reach D that is divided into 27 transects from T63 to T79 (Fig.
3d), the dominant human activity is farming, whose lands comprise
about 31.5% of the total valley area (Table 3). They are larger than
those in reaches B and C, but less than those in reach A. These lands
are distributed across the entire reach on either side of the valley.
Afforestation is the second largest type of human activity affecting
bars mainly in the middle and downstream sections of the reach
(Fig. 3d). These areas comprise about 10.5% of the total valley area,
less than in reaches A and B (Table 3). The urban areas only
comprise about 5% of the total which is comparable to that in
reaches A and B. Urban areas spread further away from the chan-
nels, neighboring the outside edges of the farmland. Mining
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apparently has negligible impact on the channels because of its
very small disturbed area, only comprising about 0.02% of the total
(Table 3).

3.1.2. Temporal changes
Among the four reaches, the percent of urban area in 1990 was

the highest in reach C, whichwas about 10.1%, while it was less than
0.2% in the other reaches (Fig. 4a). From 1990 to 2010, this per-
centage increased to about 26% in reach C, but only increased
marginally in other three reaches. In 2019, construction accounted
for about 55% of the total area in reach C, but still had limited in-
creases in the other reaches, accounting for about 5.0%, 2.6%, and
4.9% in reaches A, B, and D, respectively. The significant increase of
this area from 1990 to 2019 in reach C signifies the expansion of
Lhasa, and is consistent with the continuous increase of population
in this city from 267,000 in 1990 to 484,000 in 2010 and 554,000 in
2018.

The farmland in 1990 was the highest in reach A, comprising
about 58.5% of the total area, followed by 20.8%, 29.4%, and 31.3% in
reaches B, C, and D, respectively (Fig. 4b). This percentage
decreased continuously from 1990 to 2019 in reaches A and C,
which were 47% and 13.4% in 2019, respectively. It increased
slightly from 1990 to 2010 in reach B, which was 23.6%, and then
decreased again to 20.4% in 2019. In reach D, the percentage
roughly remained similar at about 31% over the entire study period.
Apparently, the decrease of farmland from P1 to P3 was accom-
panied by the simultaneous increase of the urban area in reaches A
and C, suggesting that the former might be replaced by the latter.

In 1990 when the afforestation was not implemented, the area
of vegetation was impossible to identify from the Google Earth
images. Thus, though they are unknown, these areas in all four
reaches should be very small. In 2010, the percentage of this area
was detectable and were 0.5%, 5.6%, 3.9%, and 4.8% for reaches A, B,
C, and D, respectively (Fig. 4c). Since then, afforestation has been
accelerated, reaching 14.3%, 27.3%, 3.4%, and 10.5% in 2019 for the
four reaches, respectively (Fig. 4c). The significant increase in the
area with planted trees from P2 to P3 occurred in reaches A and B,
though reach D also experienced an increase of this area. However,
reach C showed a minor decrease of this area during this period,
possibly because expansion of Lhasa dominated the intensified
human activities in this reach. Mining is generally much less
intensive than other types of human activities (Table 3). Its devel-
opment reflects the need for urbanization and other construction,
which was accelerated from 2010 to 2019. Thus, sandpits mainly
occurred in the P2eP3 period.

3.2. Changes of hydrological regimes

3.2.1. Reaches A and B
Between periods P1 and P2, both mean monthly and extreme

discharges were reduced in magnitude, many of which had mod-
erate degrees of reduction (see the blue bars in Fig. 5a and 5b).
Variations of meanmonthly discharges for summer months, whose
discharges are generally high, decreased with moderate to high
Fig. 4. Historical changes of the four types of human activities from P1 to P3 in t
degrees, whereas those in other months, whose discharges are
generally low, increased with high degrees (Fig. 5c). For the
extreme discharges, however, their values were all reduced, though
the degree of reduction was mostly minor except the one for
December (Fig. 5a). These trends indicate that the closure of the
first (i.e., Zhikong) dam, which is closer to the study reach than the
second dam, reduced the magnitudes of river flows and variations
of high flows during summer, but increased the variations of low
flows during winter and spring.

Between periods P1 and P3, mean monthly discharges
decreased from April to December except for July with a moderate
degree of change in summer months, but increased in winter
months and July with moderate and high degrees of changes (i.e.,
the red bars in Fig. 5a). Changes of the extreme discharges followed
a similar pattern to those for the P2eP1 period with higher degrees
of reduction from July to December (Fig. 5a). Variations of both
mean monthly and extreme discharges displayed similar patterns
to those for the P2eP1 period comparison (Fig. 5c and d). Therefore,
successive construction of the cascaded of two dams (i.e., Zhikong
and Pangduo) enhanced the changes of the natural flow regime
that emerged after the construction of the first dam.

Between periods P2 and P3, the mean monthly discharges
increased with moderate and high degrees, while the extreme
discharges generally decreased (i.e., the green bars in Fig. 5a and
5b). Their variations mostly followed the patterns of those in the
previous two periods of change (i.e., P1eP2 and P1eP3) (Fig. 5c and
5d). These changes indicate that the emergence of the second
(Pangduo) dam essentially increased mean monthly discharges
except for August and September, particularly for winter low flows,
which led to a similar degree of variation for most mean monthly
discharges to those in the P1eP3 period.

These patterns among the three periods were further confirmed
by their overall degrees of alterations (i.e. DT), which were 0.421,
0.558, and 0.530 for P1eP2, P1eP3, and P2eP3, respectively. The
degree of alteration due to the construction of the first damwas less
than that after the completion of the cascade of two dams, which
was similar to the degree of alteration cause by the closure of the
second dam. Overall, it appeared that both magnitude and vari-
ability of the natural flow regime in reaches A and B were reduced
with the more increased flow magnitudes during the dry season
due to the cumulative effect of the two dams than due to the first
dam alone.

3.2.2. Reaches C and D
Changes of the hydrological regime for reaches C and D may be

revealedbycomparing keyhydrological indices between the Tangjia
and Lhasa stations. At the Tangjia station, whose data reflect the
hydrological regime in reaches A and B, the maximum discharge
(Qmax, m3/s) decreased significantly from P1 to P3. In particular, it
reducedby21.5% (Fig. 6a), possibly indicating the cumulative impact
of the two dams on hydrological processes. Different from condi-
tions at the Tangjia station, Qmax at the Lhasa station marginally
decreased from P1 to P2 and even increased slightly from P2 to P3
(Fig. 6a). The lesser degree of Qmax reduction during the first two
he four reaches. (a) Urban area; (b) farmland area; and (c) afforestation area.



Fig. 5. Results of IHA-RVA. (a) Degree of alteration for the 12 monthly mean discharges; (b) degree of alteration for the 10 minimum and maximum discharges; (c) degree of
alteration for the coefficient of variation for the 12 monthly mean discharges; and (d) degree of alteration for the coefficient of variation for the 10 minimum and maximum
discharges.
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periods reflected the role of the two tributaries to the Lhasa River
(Fig. 1a), which compensated for the possible reduction of Qmax due
to the construction of the first dam. The increase of Qmax from P2 to
P3 in the Lhasa station further indicated that the impact of the two
dams on flows of reaches C and D, which are about 104 km down-
stream from the Zhikong Dam, diminished during this period.

Over the entire study period (i.e., from P1 to P3), Qmax at the
Lhasa station was always greater than that at the Tangjia station
with the difference increased in P3 (Fig. 6a). This general trend
suggests that human activities had limited impact on hydrological
extremes in the reaches around the Lhasa station (i.e., reaches C and
D). The duration of river flows greater than Q1 showed different
patterns at both stations. Days of channel-forming discharges (Q >
Q1) at the Tangjia station decreased from P1 (19.1) to P2 (14.4),
because of the construction of the Zhikong (i.e., the first) Dam, but
increased from P2 to P3 (18.0) (Fig. 6b). This pattern was consistent
with that of the DT values previously described, suggesting that the
second dam (i.e., Pangduo) mainly contributed to reducing the
hydrological extremes, but not the duration of high flows. At the
Lhasa station, the number of the days slightly increased from P1 to
P2 and then decreased marginally from P2 to P3 (Fig. 6b). Again,
this pattern indicated that river flows in these reaches (i.e., C and D)
were not substantially affected by the cascade of two dams, which
may be further illustrated by comparing the mean discharges (Qm,
m3/s) between the two hydrological stations for the flood period
(i.e., from June to September) and the non-flood period (i.e., from
October to May) (Fig. 6c).

During P1, the percent changes of Qm for both periods were
similar, which were 17.2% for the non-flood period and 18.6% for the
flood period, respectively (Fig. 6c). However, during P2, this per-
centage for the non-flood period was significantly higher than that
for the flood period, suggesting that building the first dam affected
the relatively low discharges at a much higher degree than the
relatively high flows. During P3, however, this percentage was
lower in the non-flood period than that in the flood period and both
percentages were lower than those in P1 and P2. This means that
completion of the second dam enhanced low flows at the Tangjia
station, which led to the decreased percentage of the difference for
P3, while it had limited influence on high flows, such that the
percentage of the difference was relatively high. In general, the
construction of the cascade of two dams discernably changed the
hydrological regime for reaches A and B, but had very limited
impact on that in reaches C and D.

3.3. Morphological responses to different types of human activities

3.3.1. Channel width and braiding intensity
Among the four reaches, reach A has the lowestWc and BIt, in P1,

followed by reaches C, B, and D for Wc and C, D, and B for BIt in an
increasing order (Fig. 7a and 7b). This is consistent with the fact
that reach A is developed in the narrowest alluvial valley with the
mean valley width (Wv) ¼ 2.01 km, which is less than that for
reaches B, C, and D (i.e., 3.05, 3.46, and 2.67 km, respectively) (Fig.
1c). These values represent the pre-dam status of the reach
morphology that has been affected by very limited human activities
(e.g., agriculture and urbanization).

From P1 to P2, Wc in reach A increased, but from P2 to P3, it
decreased, leading to an overall decrease from P1 to P3 (Fig. 7a).
Nonetheless, the differences in the three pairs of periods were less
than 28 m, indicating that their differences were not identifiable
from Landsat images. They are not statistically significant either
based on two-sample difference tests. Similarly, BIt remained
identical from P1 to P2 andwas only reduced by 12.5% from P2 to P3
(Fig. 7b). Given that reach A is the nearest to the downstream dam
(i.e., Zhikong) constructed at the beginning of P2, it appears that
channel morphology in reach A was not sensitive to the construc-
tion of the dam. The insignificantly decreasing tendency of Wc and
BIt from P2 to P3 suggested that the completion of the second dam
(i.e., Pangduo) had little impact on channel morphology possibly
because it is far away from reach A (Fig. 1a).

In reach B, both Wc and BIt constantly decreased over the two
periods (i.e., from P1 to P2 and from P2 to P3), though the difference
of Wc from P2 to P3 was insignificant (i.e., 11.8 m). Because reach B
is downstream of reach A, these changes should be more related to
other human activities than construction of the cascaded of two
dams. Given that the dominant human activities in reach B were
afforestation and farming (Table 3 and Fig. 3b), the general
decreasing trends of Wc and BIt were possibly facilitated by stabi-
lized sand/gravel bars as a result of planted trees, which may trap
more sediment, and, hence, encourage sediment deposition.

The value of Wc in reach C remained the same from P1 to P2,
but increased significantly by 20% from P2 to P3 (Fig. 7a).



Fig. 6. Comparison of key discharge indices between the Tangjia and Lhasa hydrological stations in the three periods (i.e., P1, P2, and P3). (a) The mean maximum discharges (Qmax);
(b) the number of days when Q > Q1 where Q1 is the peak discharge whose return period is one year; and (c) the mean Q for the flood and non-flood periods.

Fig. 7. Temporal patterns of planform morphology for the four reaches. (a) The mean total channel width (Wc); (b) the mean braiding intensity (BIt); and (c) the relation betweenWc

and BIt.
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Interestingly, its BIt value decreased about 22% from P1 to P2 and
stayed unchanged from P2 to P3 (Fig. 7b). Since the analyses of
hydrological alteration signified that reaches C and D were less
affected by the cascaded of two dams, these mixed patterns
should be more related to other human activities. Reach C is
mostly affected by intensified urbanization and construction
including building local check dams for water supply and roads
within the valley (Table 3 and Fig. 3c). The increase of the urban
area from P1 to P2 was mainly the result of extending the city
boundary toward the center of the valley, while from P2 to P3 it
was dominated by expanding laterally. This temporal change of
the city explained the temporal pattern of BIt in reach C. The check
dams in reach C were constructed in 2013 and 2015e2017. Thus,
they were the main human cause for the significant increase ofWc
from P2 to P3. The impact of urbanization on reach C was even
discernible before the construction of the two dams (i.e., P1),
during which BIt was less than that in reaches B and D, though the
three reaches have comparable valley widths (Figs. 1c and 7b). The
similar Wc values between P1 and P2 suggests that though the
narrowed valley width due to urbanization reduced the braiding
intensity, it could have enhanced the flow capacity in the reduced
channels, which might lead to channel incision.

Reach D showed that bothWc and BIt decreased constantly from
P1 to P3 (Fig. 7a and 7b). For Wc, the difference between P1 and P2
was within the error of measurement, indicating that the change
was undetectable. From P2 to P3, however, the decrease was sig-
nificant and up to 20%. These morphological changes were more
related to human activities other than dam construction because
reach D is about 112 km downstream from Zhikong Dam and the
hydrological alteration before and after dam completion was very
limited (Figs. 5 and 6). The decrease of BIt should be the conse-
quence of widely distributed farmland on both sides of the braided
river system (Fig. 3d), effectively limiting the development of
channel branches on the sides. Afforestation on the bars among
channel branches, which was mainly implemented after 2010,
stabilized bars and possibly caused a lesser degree of BIt reduction
and higher degree of Wc reduction from P2 to P3 than those in the
period P1eP2 (Fig. 7a and 7b).
During the period P1 when the braided river system was
essentially controlled by natural hydrological processes, Wc and BIt
across all four reaches (i.e., A, B, C, and D) were positively correlated
with each other and the correlationwas statistically significant (Fig.
7c). This suggests that the studied braided river was a well-
connected system under the natural fluvial processes. During the
periods P2 and P3, channel morphology has responded to a variety
of human activities, such as farming, urbanization, mining, and
afforestation (Table 3 and Fig. 4), prompting general reduction of
Wc and BIt (Fig. 7a and 7b). However, this reduction did not seem to
affect the connectivity of the braided river system, which is sup-
ported by the fact that all points in P2 and P3 still plotted along the
curve representing the original WceBIt relation (Fig. 7c) except
those for reach C. For a given BIt value, Wc in P2 and P3 was
significantly higher than predicted by the relation, suggesting that
the braided river system in reach C was much better connected in
these periods than under natural fluvial conditions. This is clearly
attributed to the extensive urban sprawling in the valley and
ponding of water due to the constructed check dams.

3.3.2. Lateral shift of the main channel
The mean annual rate of the lateral shifting of the main channel

(Rl) during the period P1eP2 was the lowest in reach A (i.e., 4.32 m/
yr), while similar among the other three reaches (i.e., 8.36, 9.22, and
9.55 m/yr for reaches B, C, and D, respectively) (Fig. 8a). This low Rl
value in reach A might be attributed to two factors. First, reach A
has the narrowest valley width (Fig. 1c), which limited the lateral
shift of the channels to a higher degree than that in other reaches
under the natural fluvial regime. Second, reach A was affected the
most by the reduced magnitude and variability of flows due to the
construction of the first dam. It follows that the relatively higher Rl
values in reaches B, C, and D should be more related to other types
of human activities. However, the coefficient of variation (CV) of Rl
was similar in reaches A, B, and C, which was 0.73, 0.78, and 0.72,
respectively, larger than that in reach D, which was 0.62. This
pattern of variation is hard to interpret at the reach scale.

During the period P2eP3, the Rl value in reach A (11.31m/yr)was
significantly less than that in reach B (24.52 m/yr), but its variation
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(i.e., CV ¼ 0.25) was much less than that of the later (i.e., CV¼ 0.87)
(Fig. 8b). BothRl valueswere greater than those in the period P1eP2,
suggesting that the lateral shift of the main channel during period
P2eP3 in these two reaches was more related to other human ac-
tivities than dam construction as the later reduced the magnitude
and frequency of the flows (Figs. 5 and 6), which reduced the
probability of channel shifting. Thus, the lesser Rl value in reach A
might be affected by the combination of its narrower valley width
and higher percentage of the valley area being occupied by human
activities (66.5%) including farming, construction, and afforestation
(Table 3). The higher variation of theRl value in reach B reflected that
thedegree of local channel shiftswithin the reachgreatly varied. The
Rl value was 42.47 and 39.41 m/yr in reaches C and D, respectively,
with similar variation (i.e., CV ¼ 0.40 and 0.55, respectively).
Although thedifferencewasnot statistically significant, thehigherRl
value in reach C possibly indicates the distinct effect of check dams
and intensified urbanization, which narrowed the adjacent river
segments, leading to relatively concentrated flow in the immediate
upstream and downstream stretches where larger magnitudes of
channel shifting were identified (Fig. 3c).

Over the longer period P1eP3, the Rl values in the four reaches
(i.e., 3.74, 7.06, 7.76, and 9.21 m/yr, respectively) were very similar
to those in period P1eP2 with reduced magnitudes (Fig. 8c). Their
variations were less than those in the period P1eP2 for reaches A
and D, but similar for reaches B and D (Fig. 8c). The higher Rl values
for all reaches in period P2eP3 were related to the shorter period
between the two images of P2 and P3, which was only five years,
compared to the two images between P1 and P2, which was twenty
years. These patterns of Rl values over the three periods with
different lengths (Fig. 8ae8c) suggest that (1) Rl values are not
comparable between shorter and longer periods and (2) the
reduced magnitude and variability of the hydrological regime due
to the construction of the two dams do not affect the lateral shift of
the main channels at the reach scale.

3.3.3. Intra-annual changes of the channel width and braiding
intensity

Changes ofWc and BItwithin 2016 reflected the current status of
channel morphology in response to a variety of gradually intensi-
fied human activities in the study reach. The image in October for
reach A was on a different day from that for reach B when its
discharge was 144 m3/s, much less than that for reach B (i.e., 515
m3/s). Therefore, in a strict sense, values ofWc and BIt in October are
not comparable between reaches A and B, but still useful.

In reaches A and B, the discharge reached the peak in July, and
was low before May and after September in 2016 (Fig. 9a). The Wc
value was at a maximum in October and it appeared that the
maximum Wc in reach B was greater than that in reach A. During
the months with low flows, Wc in reach B was always greater than
that in reach A. A similar trend existed for the BIt values for both
reaches (Fig. 9b). The generally higher BIt values in both wet and
dry seasons of 2016 in reach B might be more attributable to the
possibly higher constraint effect because of the higher percentage
Fig. 8. Rates of the lateral shift of the main channel in the four reaches (the bar inside eac
bottom bar referring to the minimum value, and the black point referring to the outlier). (
of farmland occupation (Table 3). The same effect may explain the
wider channels in reach B than those in reach A during the dry
season. Therefore, braided channels in reach A are more con-
strained than those in reach B and more sediment deposition may
occur in reach B than in reach A as it has a higher percentage of tree
coverage than reach A (Table 3).

In reaches C and D, the discharges also peaked in July and
remained low before May and after October (Fig. 9c and 9d). The
maximum Wc, which occurred in October, was greater in reach D
than that in reach C, but the reverse pattern of lower Wc values
prevailed during the dry season with low discharges (Fig. 9c). The
maximum BIt value in reach D was higher than that in reach C, but
the lower BIt values were similar between the two reaches (Fig. 9d).
Although farming comprised about 33% of the total area in reach D,
much higher than that (about 13%) in reach C, urban areas in reach
C occupied about 55% of the total area, much higher than that
(about 5%) in reach D (Table 3 and Fig. 4). Thus, reach C is more
confined by human activities than reach D, which may explain its
lower maximum Wc value. Its higher Wc value during the low flow
periods (i.e., the dry season) again reflects the dominant impact of
check dams on channel widths. The higher maximum BIt value in
reach D than that in reach C could be ascribed to its relatively
higher afforestation coverage (i.e., 10.5%) than reach C (i.e., 3.4%)
(Table 3). This impact seems not be very strong, such that during
the dry season, the BIt values in both reaches were similar (Fig. 9d).

3.3.4. Longitudinal changes of channel width and braiding intensity
From P1 to P2, the percent change of Wc in the 80 selected

transects along the downstream direction did not show any trend
in all four reaches (i.e., A, B, C, and D) (Fig. 10a). Similarly, that of Nc
demonstrated no-trend with variations around zero (Fig. 10b). The
average percent change of Wc in reaches A and B was �14.7% and
�1.3%, respectively, while that of Nc was 0 and e13.1%, respectively,
suggesting again that the construction of the first dam did not
apparently affect Wc values in these two reaches. The maximum
percent change of Wc occurred in a transect within reach C where
Nc did not change at all (Fig. 10a and 10b). This transect (T50) is
located within the extent of Lhasa (Fig. 3c), and, thus, reflects the
local response to urbanization. Except for this transect, the varia-
tion of the percentage changes of Wc and Nc in reach C was slightly
less than that in reach D. This might reflect the relatively high rate
of sediment deposition in this reach, as it has more afforestation
area than reach D does (Table 3).

From P2 to P3, no downstream trends existed for bothWc and Nc
(Fig. 10c and 10d). Reach A experienced no changes forWc and local
changes for Nc, demonstrating no sign of impact from the second
dam. The variations in the percent change of both Wc and Nc in
reach B were generally higher than those in reach A (Fig. 10a and
10b). These localized higher variations must be related to the
spatially variable human activities such as farming and afforesta-
tion. Both Wc and Nc within reach C displayed higher degrees of
variation in several transects (Fig. 10c and 10d), reflecting the in-
fluence of the check dams on channel morphology in reach C. In
h box representing the mean value, the top bar referring to the maximum value, the
a) The period P1eP2; (b) the period P2eP3; and (c) the period P1eP3.



Fig. 9. Intra-annual characteristics of the channel morphology in the four reaches. (a) Wc for reaches A and B; (b) BIt for reaches A and B; (c) Wc for reaches C and D; and (d) BIt for
reaches C and D.
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reach D, the no-trend variations for bothWc and Nc again suggested
that the impact of dominant human activities (i.e., farming and
afforestation) takes effect at the local spatial scale (i.e., individual
transects).

4. Discussion

4.1. Complex impacts of various human activities on channel
morphology

Operation of reservoirs created by dams directly affects down-
stream reaches of the interrupted rivers by altering flow and the
flood regime and reducing the amount and size of the flushed
sediment (Depret et al., 2019; Jin et al., 2019; Kondolf et al., 2014;
Ren et al., 2020). This effect migrates progressively downstream of
the impoundment, leading to spatially (how far it might reach) and
Fig. 10. Longitudinal changes of channel planform morphology in the four reaches. (a) Chan
period P2eP3; and (d) changes of BIt for period P2eP3.
temporally (how long it may take) variable responses of channel
morphology (Arnaud et al., 2015; Ayles & Church, 2014; Downs &
Pi�egay, 2019; Nelson et al., 2013). In the two upstream reaches
(i.e., A and B) of the Lhasa River, the magnitude and variability of
the natural flow regime after the closure of the first (Zhikong) dam
were obviously reduced in terms of the data at the Tangjia station
(Figs. 1b and 6). Yet, their further changes due to the completion of
the second (Pangduo) damwere limited (Fig. 6), mainly because the
dam is located further (65 km) upstream of the study reach.

Interestingly, both the channel width (Wc) and braiding in-
tensity (BIt) slightly increased from P1 to P2 in reach A (Fig. 7a and
7b), which is the 16-km reach immediately downstream of Zhikong
Dam (Fig.1b). Even in the first four transects that are within 4 km of
Zhikong Dam,Wc increased and BIt remained unchanged from P1 to
P2 (Fig. 10a and 10b). Although these patterns are only based on
morphological data between two years (i.e., 1990 and 2010), they
ges of Wc for period P1eP2; (b) changes of BIt for period P1eP2; (c) changes of Wc for
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are statistically significant and apparently at odds with many
studies showing channel narrowing and reduced braiding after
dam construction due to bed degradation (Chen et al., 2019;
Gordon & Meentemeyer, 2006; Petts & Gurnell, 2005; Pi�egay et al.,
2009; Surian & Rinaldi, 2003).

A frequently associated consequence of bed degradation is
coarsening of grains on the bed surface due to the armoring effect
(Grant, 2012). The current grain size analysis performed in 2018
based on a method similar to the Wolman pebble count method
(Wolman, 1954) showed that surface grains in reach A are signif-
icantly coarser than those in the three downstream reaches (Fig.
11). While the mean slope of reach A is about 24% greater than
that of reach B, the median grain (i.e., D50) in the former is more
than 200% coarser than that in the latter. This suggests that the
coarsening must be mainly (if not completely) contributed from
the dam impact rather than from the natural downstream fining
process commonly seen in gravel-bed rivers. If the coarsening is
induced by the so-called “starved water”, which refers to supply-
limited flows due to the fact that dams tend to reduce sediment
load more than water discharge in the downstream reaches (Pique
et al., 2017), then one should expect narrowed channel widths and
reduced complexity of braiding (Stecca et al., 2019).

This generally unchanged channel morphology with a coars-
ened bed surface from P1 to P2 suggests that the channel
morphology of reach A might have already recovered from its
quick reaction to alteration of the hydrological regime and sedi-
ment movement four years after the (Zhikong) dam construction,
as Zhikong Dam was built in 2006, while the Landsat image rep-
resenting channel morphology in P2 was obtained in 2010. In
other words, the studied braided reach of the Lhasa River likely
may have a very short relaxation period (Graf, 1977), compared
with many dam-impacted downstream rivers (Greenwood et al.,
1999; Petts & Greenwood, 1985; Sanchis-Ibor et al., 2019;
Vericat et al., 2008). Although the lack of a detailed historical se-
ries of data may undermine this assertion, it is argued that the
assertion can be supported by evidence from three different as-
pects. The first is related to climate conditions. The Lhasa River is
dominated by a semi-arid climate that is evidenced by (1) low
annual precipitation and high annual evaporation and (2) the fact
that the study reaches have been subject to aeolian processes
capable of mobilizing sand on bars and the braidplain (Chang,
2007). Many studies have demonstrated that river systems un-
der semi-arid and/or Mediterranean climates are very sensitive to
external forces (e.g., dam interruption), and readily change to a
new quasi-equilibrium status, leading to a short relaxation time
(Petts & Gurnell, 2005). The second aspect considers the mor-
phodynamic features of reach A. Because this reach is located
immediately downstream of Zhikong Dam, its transport capacity
Fig. 11. Longitudinal trend of the median sizes of bed-surface grains over the four
study reaches (i.e., A, B, C, and D).
should be reduced the most compared with that in other three
reaches (Brenna et al., 2020; Wright & Minear, 2019). In addition,
reach A as a gravel bed. Such a riverbed should experience less
pronounced channel incision due to dam construction as pointed
out by Grant (2012), which may be further supported by the fact
that Zhikong Dam reduced both the magnitude of peak discharges
and their duration (Fig. 7a and 7b). Therefore, the altered flow
regime likely coarsened the bed surface by transporting fine and
medium-sized grains out of the reach, while causing limited
changes of channel widths and braiding intensity, which allowed
reach A to recover and quickly reach a new equilibrium condition.
The third aspect is related to the hydrological nature of the studied
river reach. The maximum volume of water that can be stored
storage by the two dams only comprises about 10% of the total
annual runoff passing through reach A. This means that the degree
of hydrological alteration caused by the two dams is relatively
small, and, thus, the induced morphological changes are limited
and the morphology can more easily recover.

The construction of the second (i.e., Pangduo) dam further
reduced the magnitude of the maximum discharges, but increased
the frequency of the medium high flows (Fig. 6ae6c), which would
encourage vegetation encroachment. Also, not only a proportion of
farmland (about 10%) but also many bars between braided channels
were occupied by planted trees (Fig. 4b and 4c). The increased
vegetation coverage from P2 to P3 might have played a dominant
role in the decreasing Wc and BIt during this period in reach A (Fig.
7a and 7b). In as much as reach B is 16 km downstream of reach A
(Fig.1b), the continuous decrease ofWc and BIt from P1 to P2 and P3
could be more responsive to increased farming and afforestation
(accounting for 20.4% and 27.3% of the valley area, respectively),
because morphological response to damming is more sensitive in
the immediate downstream reach (e.g., about 5 km) (Brenna et al.,
2020; Surian & Rinaldi, 2003).

4.2. Morphological trajectories under different types of human
activities

The four smaller reaches in the study reach of the Lhasa River
have different physiographic settings and dominant types of hu-
man activities (Fig. 1c and Table 3). From reach A to reach C, the
mean valley slope (Sv) decreases while the mean valley width (Wv)
increases (Fig. 1c), indicating that the valley gradually becomes
broader and gentler in the downstream direction. However, in
reach D, Sv suddenly increases to the highest value among the four
(i.e., 0.77%) with decreased Wv. From reach A to reach D, the
dominant type of human disturbance is farming (higher degree),
afforestation/farming, urban areas, and farming (lower degree),
respectively (Table 3). From 1990 to 2019, urban areas in all reaches
have generally increased with the highest increase rate in reach C,
whereas farmland decreased drastically in reaches A and C, but
remained almost similar in the other two reaches (Fig. 4a and 4b).
Therefore, the historical evolution of human interference with the
river channels is different in these four reaches with variable
physiographic characteristics.

Over the entire study period (i.e., 1990e2019), the increase of
the urban area has caused a consistent decrease of Wc in reaches B
and D, and a parallel trend with a lesser magnitude in reach A,
regardless of their different physical settings (Fig. 12a). However,
in reach C, Wc increased with the urban area (Fig. 12a). This
opposite trend is mainly due to the construction of the check dams
(see site 2 in Fig. 3c), which is obviously for satisfying the
increasing demand for water usage from Lhasa with continuously
increased population. Interestingly, for BIt, reach C followed the
trend of reach B, and reach D and A retained a similar trend (Fig.
12b). These trends suggest that channel planform morphology
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(i.e., Wc and BIt) responds to the expansion of the urban area in a
similar style e that is, reducing the complexity of the braiding
system.

As the farmland increases, Wc in all reaches decreased consis-
tently with a greater rate than that for the urban area (Fig. 12a and
12c). BIt followed a similar trend for all reaches except one point
representing the current farmland in reach C (Fig. 12d), again
reflecting the significant effect of backwater created by the check
dams. These consistent trends over all four reaches further suggest
that trajectories of morphological changes in these braided river
reaches due to farming are similar. The impact of afforestation on
channel morphology is largely stabilizing bars at local scales
(Bertoldi et al., 2011; Maeno & Watanabe, 2008). By comparing the
number of channels (Nc) between vegetated and non-vegetated
transects in P3, it was found that Nc in vegetated transects is
generally larger than that in the non-vegetated transects. Yet, this
pattern does not affect BIt values at the reach scale.

Since the impact of urban areas and farming on river
morphology is not mutually independent in reality and the
increase in the urban area typically causes the decrease of
farmland in the studied reaches of the Lhasa River valley, the
identified morphological responses are the lumped effect of both
types of human activities (Fig. 7a and 7b). Thus far, 47%e66% of
the four reaches have been disturbed by construction (mainly
urbanization), farming, and afforestation (Table 3). There is
limited space to accommodate new urban area and farmlands.
Therefore, future development of these human activities must
lead to more farmland being replaced by urban usage, which will
further force the braided river to gradually transform toward a
single-thread wandering river (Fig. 12b and 12c). This is a com-
mon trend that has been observed in many other disturbed
braided rivers (Llena et al., 2020; Stecca et al., 2019; Surian &
Rinaldi, 2003). Since 1990, the expansion of Lhasa has nar-
rowed the impacted section of reach C by up to 70% (i.e., T47 and
T53 in Fig. 3). In the meantime, more days with Q > Q5 occurred
after the completion of the Zhikong Dam (i.e., 2005) than during
the period before. There were only 7 days in the 1990e2005
period, while 11 days after 2005 with 4 days in 2014. This trend
of increasing extreme discharges is expected to continue under
Fig. 12. Relation between historically variable human activities and the channel planform
farmland area; and (d) BIt vs. farmland area.
the influence of climate change (Allan & Soden, 2008; Apurv et
al., 2015). Therefore, Lhasa will face a higher possibility of
flooding in the future. The current analyses suggest that adjust-
ing the flow regime by operating the cascaded of two dams will
not be sufficient because flows in reaches C and D where Lhasa is
and will be extended to are also supplied from the three tribu-
taries (Fig. 1b). Therefore, new management strategies are
required to regulate flows in these tributaries for avoiding po-
tential future flooding in Lhasa, in addition to the existing
management practices.

5. Conclusions

The Lhasa River is a heavily disturbed braided river on the
Qinghai-Tibet Plateau. It is disturbed by a variety of human activ-
ities mainly including dam building, urbanization, agricultural
development, afforestation, and gravel mining. Assessment of the
impact of these disturbances on river morphology begins a journey
of understanding how fluvial systems in this physically unique
region, with very high elevations and diverse climate conditions,
have responded to gradually intensified anthropogenic activities
and predicting the directions, toward which rivers in this region
will evolve. The available hydrological data allowed that the alter-
nating of the natural hydrological regime in reaches A and B
because of the construction of a cascade of two dams, the first
(Zhikong) one immediately upstream of the studied reach, to be
shown. The alteration is reflected by the reduction of both magni-
tude and variability of river flows. However, for the two further
downstream reaches (i.e., C and D), the dam-induced hydrological
alteration is diminished because (i) their locations are further
downstream from the dams; and (ii) three tributaries contribute
additional natural flows to these reaches.

Although the limited number of remote sensing images selected
in the current study prevented evaluation of the full spectrum of
historical changes of the channel morphology, the error evaluation
assured that comparisons of the extracted channel morphology
from these images are meaningful. In reach A, which is supposed to
be most sensitive to the dam construction, the altered flow regime
did not lead to a narrowed channel width and reduced braiding
response in the four reaches. (a) Wc vs. urban area; (b) BIt vs. urban area; (c) Wc vs.
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intensity, as found in many braided rivers located in other regions
of the world. This discrepancy is attributed to the possibility that
the downstream reach of the Lhasa River has a short relaxation
time due to its semi-arid climate, reduced transport capacity, and
limited impact of altered hydrology on channel morphology. These
natural features highlight the variable roles of different dams and
reservoirs in interrupting the downstream reaches and the
importance of acquiring site-specific information for future river
management (Csiki & Rhoads, 2014).

The complex impact of human activities on the studied reach of
the Lhasa River is embodied in not only multiple types of activities,
but also their spatial and temporal variations. At the reach scale,
channel morphology has generally changed toward a simpler
structure by reducing both Wc and BIt from P1 to P3, reflecting the
increasing constraints on river evolution due to increased occu-
pation of the valley area by urbanization and farming. Afforesta-
tion has increased vegetation coverage on bars, and, thus, has
enhanced their stability. However, its impact on channel
morphology tends to still be felt at the local scale (i.e., individual
cross sections). Mining did not appear to affect channel
morphology significantly, probably because its extent is very
limited. Over the entire study period (i.e., from 1985 to 2019),
different types of human activities have developed at different
rates in different reaches (i.e., A, B, C, and D). However, the
response of river morphology (i.e., Wc and BIt) to these dynamic
activities has followed similar trajectories except in reach C where
water ponding by check dams drastically increased the channel
width. This pattern confirms the recent finding that river reaches
with variable physiographic contexts often follow similar trajec-
tories in responding the impact of dynamic human activities on
their morphology (Stecca et al., 2019).

While growing research has focused on morphological and
ecological responses to dam removal (Tullos et al., 2014; Warrick et
al., 2015), rivers originating from the Qinghai-Tibet Plateau
including those flowing through China, India, Nepal, and Pakistan
have been experiencing a surge of dam construction because they
generally have steep channel gradients and relatively narrow val-
leys. This study provides a process-based perspective for assessing
the impact of human activities on the braided Lhasa River and may
be used in the future for scientific assessment of environmental
protection and ecological risk of other dams in the region.
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