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Functional characteristics of braided rivers with very high elevations (>3400 m) located in the Qinghai-Tibet
Plateau, China provide unique insight into fully understanding global braided river functioning, but have not
yet been explored because of their remote locations and harsh physiographic conditions. In this study, we un-
veiled these characteristics at the reach spatial scale over three decades in one of these braided rivers, the Upper
Lancang River (ULR). Using Google Earth Engine resources and a specific selection of Landsat images obtained
between 1989 and 2018 during the dry season (November to early May when water levels were low and com-
parable over years), we analyzed water area, extracted flowing and non-flowing channels, active channel widths
(unvegetated bars and water channels), and calculated lateral shifting rates of the main channel for 13 sub-
periods. We also developed an empirical method for estimating vegetated areas in the selected years. We
found that (1) this braided system is partly controlled by peak flows and flood durations and the braiding activity
evolved through time according to braided planform characteristics, (2) braiding intensity is high during low
discharges, suggesting that the ULR is a very well-connected braided system with groundwater, but we observed
higher braiding activity in spring than in fall, suggesting other factors than groundwater recharge also control
non-flowing channel occurrence, and (3) the ULR supports a vegetation mosaic that is dynamic at a multi-year
scale with period of declines that can be caused by scouring and rapid growth in an optimal recruitment window.
These findings lead to our interpretation of vegetation behavior and surficial water — groundwater interactions,
which needs future field validation.

1. Introduction

As indicated by Elosegi et al. (2010), geomorphology provides an
integrative and systemic framework to understand river functioning that
affects river biodiversity. “Functioning” refers to a set of processes and
interactions that sustain a river as a system. It can be either physical
(hydrological, geomorphological), chemical, or biological (Jax, 2005).
Along this line, functions are the roles played by a river system in
providing diverse habitats (e.g., channel shifting, upwelling and
downwelling processes, and structural effects of vegetation). Thus,
morphodynamics are critical controls of river functioning, which may be
embodied as rivers being either responsive/sensitive to change, or
resilient. River functioning can also be characterized by specific
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interactions between surface and subsurface flow compartments or
vegetation processes that influence channel morphodynamics (Gurnell,
2014). Among existing river planform types on Earth, braided rivers
have one of the most complex biomorphologic structures that lead to
more dynamic river functions (Malard, 2003; Tockner et al., 2006).
Braided rivers are considered as mountain rivers, as their functions are
primarily available in mountain environments (Ward et al., 1999).
Nevertheless, many braided rivers still do not share these specific
functions because of highly diverse valley settings, sediment supply and
vegetation dynamics. Indeed, braided rivers can provide a range of
ecological functions depending on their specific functioning (see dis-
cussion in Belletti et al., 2013).

The generally complex morphology of braided rivers results from
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interaction among flows, sediment delivery, and vegetation. This
interaction is mainly driven by (1) flood regime and sediment transport
(Bertoldi et al., 2009; Camporeale et al., 2013; Egozi and Ashmore,
2009; Gurnell et al., 2012) and (2) hydroclimatic conditions that influ-
ence vegetation dynamics (Tal et al., 2004; Gurnell et al., 2012; Belletti
et al., 2015). Existing field-based studies on morphodynamic processes
of braided rivers have shown that river functioning is often site-specific
because of the complex interactions between different drivers (Bertoldi
et al., 2013; Carley et al., 2012; Schwenk et al., 2017; Williams et al.,
2015). Therefore, directly predicting spatially and temporally variable
functions of braided rivers using existing findings is difficult (Ashmore,
2013; Bertoldi et al., 2009; Williams et al., 2016). A pressing need exists
for more research on natural braided rivers in different regions of the
world that will ultimately help develop complete theories on braiding
functions (Ashmore, 2013) with an improved temporal resolution.

Thus far, almost all studies on braided characteristics and changes of
natural braided rivers, with the aid of emerging techniques such as
terrestrial laser scanner and unmanned aerial vehicle (UAV), have
focused on various temperate, alpine, and cold zones (Cucchiaro et al.,
2019; Horn et al., 2012; Huber and Huggenberger, 2015; Javernick
et al., 2014; Kasai et al., 2019; Leduc et al., 2015; Lotsari et al., 2018;
Middleton et al., 2019; Picco et al., 2013; Tamminga et al., 2015; Wil-
liams et al., 2015). In addition, studies of the link between the
morphology of braided networks and its biophysical characteristics have
been limited primarily to a few European braided rivers (Belletti et al.,
2013; Belletti et al., 2015; Wawrzyniak et al., 2013). Very little is known
about functioning characteristics of braided gravel-bed rivers in the
Qinghai-Tibet Plateau of western China.

These rivers have developed in alluvial valleys with elevations above
3500 m and typically extend over 1 km laterally (Li et al., 2020).
Controlled by the unique alpine monsoon climate that features a long,
cold, dry season, their morphological structures respond to the domi-
nant hydrological regimes. Exploring whether these responses are
similar to those in other regions would provide valuable scientific in-
sights into our knowledge of key factors controlling braided rivers in
general. The Upper Lancang River (ULR) is one of these rivers that is of
particular importance because of its unknown impact on the down-
stream basin in Southeast Asia, conventionally referred to as the Lower
Mekong River basin where sediment dynamics and its response to po-
tential cascade dams have been thoroughly studied (Grumbine et al.,
2012; Kummu et al., 2010; Lu et al., 2014).

Nonetheless, the harsh physical setting and remote location of the
ULR make in situ measurements very difficult. As such, data scarcity is a
serious challenge for deciphering historical changes and braided river
behaviors in the ULR, an issue not encountered in many other regions
(Bertoldi et al., 2011; Cienciala and Pasternack, 2017; Middleton et al.,
2019). In particular, it is challenging to obtain information on (i)
channel shifting and braided planform changes; (ii) interactions be-
tween groundwater and surface runoff (potentially very important for
understanding habitat patterns in the braided river system) (Belletti
et al., 2013; Malard et al., 2006), and (iii) vegetation recruitment,
growth and scouring, which is largely unknown in such high-altitude
environment. These difficulties are because the existing methods for
examining the characteristics of river vegetation or the above-
mentioned interactions largely rely on second-hand survey data and
higher resolution optical images, such as airborne LiDAR, aerial, or
multispectral images and Unmanned Aerial Vehicle (UAV) photos
(Hugue et al., 2016; Lallias-Tacon et al., 2017; Naura et al., 2016;
Sanhueza et al., 2019; Solari et al., 2015). These data are not available
for braided rivers in the ULR and other remote regions. Discharge series,
especially, peak flow series, are also very limited. Nonetheless, they are
central for explaining behavior of braided rivers through time (Belletti
et al., 2013; Lallias-Tacon et al., 2017; Malard et al., 2006). The general
data shortage explains why no study has ever been conducted on func-
tioning characteristics of ULR braided rivers.

Within this context, we argue that because the ULR rivers are fairly
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wide (more than 1 km), it is possible to take advantage of existing
Landsat data available since 1984 and accessible with the Google Earth
Engine interface for exploring temporally variable functions of these
rivers. We hypothesize that combining a sufficiently long time series of
Landsat images with limited hydrological data and high-resolution im-
ages can offer a new approach to reveal temporal patterns of the mor-
phodynamics of these rivers. This study tests this hypothesis by
effectively coupling limited hydrological data with UAV data, and
Landsat and Google Earth images to reveal key functional characteristics
of a braided reach within the selected ULR reach including (1) multi-
decadal planform change and channel shifting; (2) surface and sub-
surface flow interactions from aquatic patches at low flows and (3)
associated vegetation dynamics in the braidplain of the reach.

2. Material and methods
2.1. Study area

The Upper Lancang River (ULR) region is situated in the eastern
Qinghai-Tibet Plateau of China. It is bounded by the Yangtze River
source area in the north and the Nujiang River source area in the south
(Fig. 1a). Geologically, the ULR region belongs to the Gangdese Block,
one of the structural blocks formed by collision between the Indus Plate
and Eurasian Continent. Thus, the region has witnessed long-term
sedimentation that was subsequently turned into red sandstone that is
easily shaped by fluvial forces. Geomorphologically, the ULR region
features mountains several thousand meters high and valleys with ele-
vations ranging approximately between 3400 and 3700 m. Therefore,
braided rivers occupying the alluvial parts of valleys are highland rivers
accompanied by alpine meadows, wetlands, and trees.

The ULR region is dominated by a typical monsoon climate with
distinct wet (June-October) and dry (November-May) seasons. Conse-
quently, annual precipitation mainly occurs during summer months.
From 1960 to 2017, mean annual precipitation (P) remained around
549.9 mm with very small variations (coefficient of variation, CV =
0.154), though annual mean temperature (T) has increased gradually at
an accelerated rate after 1997 (Fig. 2a). The two trends indicate that a
continuous increase of temperature has not caused a perceptible in-
crease of precipitation in the past five decades. Annual mean discharge
(Qm) stayed around 139.4 m3/s with a small range of variation (CV =
0.210). The mean runoff coefficient was 0.482 with CV = 0.158. These
results signified that the flow regime in the ULR has remained relatively
stable for decades, though global climate change has apparently caused
a continuous increase of T. For each year with daily discharge data, high
flows always emerged during summer (i.e., from June to September) and
peak discharges (Qpeqr) tended to occur between late June and middle
August (Fig. 2b). From November to early May, discharges were low and
varied less, but generally showed higher magnitudes in the Octo-
ber-December period than those in the January-early May period.

In this study, we focused on a braided reach of the ULR located near
Nangqian County (33°45'48" N, 94°40'52" E), Yushu Tibetan Autono-
mous Prefecture of Qinghai Province, China (Fig. 1b). This reach has an
average elevation of around 3500 m and a drainage area of about
16,434 km?. It is approximately 6 km long and has a mean channel slope
of about 1.57%o (Fig. 1c). The widest valley width is about 1.2 km near
the middle of the reach. Although the narrowest valley ~600 m wide in
the downstream section is confined by mountains on both sides, almost
all channel branches still have rooms for lateral migration. River beds
and bars between braided channels are predominantly comprised of
gravels with the mean sizes ranging between about 0.03 and 0.04 m.
Willow trees and shrubs, mixed with herbs grow on the gravel bars and
their densities vary spatially. Grass is also distributed on portions of
many gravel bars topped by sand and silts. Physiographic features of
braided channels and the bars that divide them vary in the longitudinal
direction of the studied reach, which may be discernable from a series of
images obtained using a lightweight unmanned aerial vehicle (UAV)
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Fig. 1. The studied braided reach in the Upper Lancang River (ULR) region and its physical environment. (a) Geographic and geomorphological settings of the ULR
region in the Qinghai-Tibet Plateau, China; (b) The specific location of the studied braided reach in the ULR region; (c) The studied braided reach and the relative
positions of the gauging station, the Nanggian county, and five survey sites; and (d) Pictures of the five sub-zones surveyed by a UAV from upstream to downstream.
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along the studied braided reach from upstream to downstream (Fig. 1d).

The upstream section of the study reach has already been affected by
a set of anthropogenic pressures: (1) The city of Nanggiann located
about 4 km upstream of this reach embanked a section over a length of
about 6.6 km in 2017; (2) A large gravel mining area with active urban
development is also observed immediately downstream of this section,
partially offsetting the potential impact of embankment on sediment
delivery downstream; (3) a small upstream dam diverting water for
irrigation was built in 1989.

2.2. Data acquisition and pre-processing

We first obtained online data as a single polygon for the studied
reach from Global Surface Water (https://global-surface-water.appspot.
com/map) and used the climate engine interface to explore variability of
NDWI (Normalized Difference Water Index) and NDVI (Normalized
Difference Vegetation Index) over the whole period for which data are
available (i.e., 1984-2018) (https://app.climateengine.org/climateEn
gine) (Fig. 3).

A set of Landsat images (30 m resolution) spanning from 1988 to
2018 were downloaded from Computer Network Information Center,
Chinese Academy of Sciences (http://www.gscloud.cn) and US
Geological Survey (https://earthexplorer.usgs.gov/). Image selection
was guided by two principles. First, images covering the studied reach
should be clear with no discernable cloud cover, such that the
morphological structure of the reach may be extracted. Second, and
more importantly, images must be taken during the cold, dry season,
which extends approximately from November to early May during each
hydrological year. So little precipitation occurs in the dry season that
river flows in the studied braided reach are generally base flows
(Fig. 2b). Therefore, satellite images obtained during this period assured
that (1) braided channels and gravel bars were most exposed to be
defined on the images, and (2) variations of water levels over the study
period were constrained to better investigate groundwater — surficial
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water interactions. Based on these two rules and the availability of im-
ages, we selected 20 images between 1988 and 2018 (see Supplementary
materials, Table S1). In addition, we selected 3-6 images within each
year of the five years (1992, 2008, 2013, 2014, 2017) over a gradient of
daily discharge from 50 to 250-300 m>/s for characterizing seasonal
changes of flowing channel patterns. These images have already been
pre-processed to Level 1T (Standard Terrain Correction) as GeoTIFF files
with the UTM-WGS84 coordinate system. Each original image was
further pre-processed for radiance calibration and atmosphere
correction.

Limited hydrological and meteorological data are available in a
gauging station (Xiangda) maintained by Changjiang Hydrological Bu-
reau of China. These data (Fig. 2) included (1) daily mean temperature,
daily mean precipitation (Py,), annual mean discharges (Q,) from 1960
to 2017 (missing data in the 1993-2006 period), and (2) daily mean
(Qdaity) and annual peak (Qpeqk) discharges for 13 yr (Table S1). By
establishing the relationship between P, and Q,,, which was strong and
statistically significant, we estimated Q, values in the missing period
using obtained Pp, values. Given that the station is located about 10.6 km
upstream of the studied braided reach (Fig. 1c), these data should be
converted to discharges passing through the studied braided reach. The
conversion was achieved using the classic linear scaling method
(McCuen, 2004) based on the two contributing areas to the gauging
station and the input point of the study reach. Flood frequency analysis,
based on the available peak discharges in eleven hydrological years,
showed that discharges with one (Q;), two (Q3), and five (Qs) year re-
turn intervals are 440, 603.3, and 837.8 m>/s, respectively. The years
with measured daily discharges do not match those with available im-
ages (Table S1), which greatly hindered the potential to link morpho-
logical changes of the studied braided reach to the associated
hydrological variations. To increase this potential, online data provided
by the climate engine interface (e.g., surface water area based on NDWI)
were subsequently used to indirectly retrieve some discharge informa-
tion in some of the years without measured discharge data (Table S1).
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Fig. 3. Example of mean daily NDWI values calculated within the study reach marked by a red rectangle.
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From May 17-19, 2018, the studied braided reach was surveyed
using a lightweight UAV (DJI Phantom 4 Advanced). that flew about
160 m above the ground at an average velocity of about 9.2 m/s. The
overlap of the images was set at 80% to assure a very high resolution. On
the survey days, the sky was clear and the wind speed was less than 2 m/
s, which allowed us to obtain clear pictures. Five sub-zones with variable
areas and extents were surveyed from the upstream to the downstream
extent of the reach (Fig. 1c). The UAV images were subsequently pro-
cessed using a combination of several software packages (i.e., Pix4D,
Cloud Compare, and ArcGIS) based on Structure-from-Motion photo-
grammetry, which led to five high-resolution ortho-images representing
five segments (Fig. 4a—e). These images were then converted into a high-
resolution DEM (0.3 m planar resolution). The error was determined by
comparing an independent set of elevation data obtained using an RTK
GPS with the associated points identified from the UAV data. The result
showed that the vertical resolution of the DEM was 0.08 + 0.03 m. The
ortho-images were then used for both extracting channels and super-
vising classification of a vegetation index and estimating vegetation
areas in all pixels of the selected Landsat images. The DEM was used for
accuracy assessment of the Landsat images.

2.3. Methods of analysis

2.3.1. Assessing daily discharges in years with no measured data
The downloaded 31 images in which the water surface area is
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observable based on NDWI threshold values spanned from 1984 to 2018.
The downloaded mean daily NDWI values were observed from the
studied braided reach over the period 1980-2020. These mean daily
NDWI values in the 13 yr with measured Qqqity values (Table S1) were
isolated and examined in detail. In winter months of some years, mean
daily NDWI values representing surface water were abnormally high
(Fig. 5a). Comparing the Landsat images for these days against those in
similar times, but having normal mean daily NDWI values, showed that
the former images were covered by snow or ice, which skewed the ob-
tained mean daily NDWI values (see Supplementary Fig. S1). We then
compared normal mean daily NDWI values with the associated daily
discharges (available for 576 days) (Fig. 5a), which led to two linear
relationships separated by the threshold NDWI value of 0.3. These re-
lationships were subsequently used to predict Qgui, values in the
1993-2006 period, during which we do not have any daily discharge
values.

Using both predicted and measured Qgq;1y values, we also calculated
the number of days (NoD) when Q > Q. In braided rivers, bedload
transport usually occurs with discharges much lower than Qg so that the
number of days with Q > Q; reflects the duration of a year the formative
discharge (i.e., Q1) lasted (Bertoldi et al., 2010). If this is the case in our
studied reach, then the NoD should be correlated with magnitudes of
changes in channel morphology.

- Flowing channels
- Non-flowing channels

A ) Flowing channels :
(c) ‘

Non-flowing channels — g —

Fig. 4. Design of morphological calculations for channels and bars. (a)-(e) High-resolution ortho-images showing the two types of channels within the five surveyed
sub-zones from upstream to downstream; and (f) The same two types of channels identified in the Landsat image of the same year. Also shown are transects selected
for calculating channel morphology, distribution of the five surveyed sub-zones, and an example profile of a channel cross section along one of the selected transects.
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Fig. 5. (a) Empirical relationships between the mean daily NDWI and measured daily discharges (Quaily); The green triangles are ‘abnormal points’, representing
images covered by snow or ice that significantly affect the mean daily NDWI values; (b) Comparison of measured lengths of flowing and non-flowing channels using

lengths derived from the UAV and Landsat images obtained in 2018.

2.3.2. Flowing and non-flowing channels

In each selected Landsat image, two types of water channels were
identified and measured separately. The first are the main and secondary
channels that are occupied by continuous (or connected) water bodies,
forming flows from upstream to downstream. They are termed as
flowing channels (Fig. 4f). The second are relatively smaller channels
that are only connected to a flowing channel either at the upstream or
downstream end, or that have disconnected water bodies. They are
denoted as non-flowing channels (Fig. 4f). Both types of channels were
identified using the Modified Normalized Difference Water Index
(MNDWI), which is based on near infrared and short-wavelength
infrared bands and has been proven more sensitive to water bodies
(Xu, 2006; Zhou et al., 2015). The threshold value of MNDWI was
determined by comparing lengths of two types of channels (i.e., their
centerlines) identified from the five high-resolution UAV images ob-
tained in 2018 (Fig. 4a—e) to those from the 2018 Landsat image
(Fig. 4f). Our results showed that these lengths from two different types
of images were comparable (Fig. 5b). Thus, these channel (centerline)
lengths in other Landsat images were determined using the same index
with similar threshold values.

2.3.3. Morphological metrics

Three morphological metrics were extracted from the selected im-
ages. The first is the active channel width (W, m), which refers to the
total width of all channels and gravel bars without vegetation among
channels. Gravel/sand bars are defined as the areas separated by water
bodies and on the valley edges (Fig. 4f). Vegetation developed in the
studied braided reach was distributed on these gravel bars. Therefore,
W, was calculated as the ratio of the total area of all channels and gravel
bars excluding the vegetation area to the length of the alluvial valley.
The first two types of areas were determined directly from the selected
Landsat images, while the last one was calculated using Eq. (2) described
in Section 2.3.4. The definition of W, is consistent with that used in
many earlier studies (Lallias-Tacon et al., 2017; Peixoto et al., 2009;
Rozo et al., 2014; Werbylo et al., 2017).

The second metric is the annual lateral shifting rate of the main
channel (R, m/yr). For each available peak Q (Qpeax), we identified a
pair of images in the dry season before and after the peak flow and
determined Ry, which is defined as the lateral change of the main flowing
channel with the largest mean width. It was calculated as the ratio of the
area bounded by the two centerlines of the main channels to the length
of the centerline in the earlier year divided by the number of years be-
tween the two. We ignored the areas of changes that are less than 900 m?
as they are more likely errors than real changes. The R; was determined
for the 12 Qpeqx values, as there were no paired images available in three
years. Although lateral migration in single-thread meandering rivers
may be caused by bank erosion and cutoffs in braided rivers, lateral

shifting of channels is driven by three different processes, (1) bank
erosion, (2) avulsion (Ashmore, 2013; Bertoldi et al., 2010; Dunne and
Jerolmack, 2018; Williams et al., 2015), or (3) choking of the channel (i.
e., local avulsion) caused by the asymmetric configuration at the
bifurcation nodes (Bertoldi and Tubino, 2005; Tubino and Bertoldi,
2008; Williams et al., 2015; Zolezzi et al., 2006).

The third metric is the mean braiding intensity (BI,) for the flowing
and non-flowing channels. The braiding intensity (BI) was defined as
(Egozi and Ashmore, 2008)

Nyxs
Bl = Ny / Nys m

i=1

where Np; is the number of flowing and the total (flowing and non-
flowing) channels along the ith transect and Nyg is the total number of
transects, which is 36 in this study (Fig. 4f). In this study, the first is
referred to as the flowing BI;, while the second is the total BI,. The latter
is equivalent to the ‘total sinuosity index’ (Hong and Davies, 1979) and
‘the total braiding intensity’ (Ashmore, 2013; Belletti et al., 2013) used
in the previous studies. Following this notation, braiding intensity for
non-flowing channels is denoted as Bly.

2.3.4. Changes in vegetated bar areas

Vegetated areas in Landsat images are commonly determined by
calculating Normalized Difference Vegetation Index (NDVI) values (Ju
and Masek, 2016; Ozyavuz et al., 2015; Rouse et al., 1973; Tucker,
1979). Although many studies have shown that NDVI = 0.2 is an
appropriate threshold for identifying riparian vegetation (Bertoldi et al.,
2013; Henshaw et al., 2013; Nagler et al., 2005), others indicated that
this threshold value can vary depending on vegetation community types,
such that different NDVI thresholds may exist for different land cover
types or where there exists continuous correlation between percent
vegetation coverage and NDVI values (Gallo et al., 2005; Marchetti
et al., 2016; Powell et al., 2014; Purevdorj et al., 1998). Because the
winter season was selected to obtain low flow conditions, in the studied
braided reach, the vegetation density is relatively low, so that vegetation
only occupies 50% or less of many pixels in an image, vegetation only
occupies 50% of it or less. Thus, use of a single NDVI value for one pixel
cannot predict vegetation area accurately.

This challenge may be resolved by obtaining high-resolution images
using emerging new UAV technology in a field survey. While UAVs
equipped with multispectral sensors may receive both visible light and
infrared wavelengths for calculating indices such as NDVI to better
identify vegetation types (Assmann et al., 2019), lightweight UAVs with
aregular camera are more affordable and easier to operate. Nonetheless,
the high-resolution images obtained using the DJI UAV used in this
study only collected RGB (Red, Green, and Blue) bands. Although many
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indices have been developed based on these three visible bands, such as
Visible Atmospherically Resistant Index (VARI), Color Index of Vege-
tation Extraction (CIVE), Normalized green-red difference index
(NGRDI) (Eng et al., 2018; Gitelson et al., 2002; Hague et al., 2006;
Torres-Sanchez et al., 2014), these indices are site specific and lack
generality. A more serious limitation of UAV images lies in the fact that
no historical UAV data are available for extracting vegetation areas from
a historical series of Landsat images. As such, we proposed an effective
method of coupling both Landsat and regular UAV data to determine
historical vegetation areas on gravel bars. Our approach was to develop
an empirical relationship between vegetation areas identified from the
UAV images acquired in 2018 and NDVI values calculated using the
Landsat image of the same month of the year, and then to extend the
relationship to other years for calculating the associated vegetation
areas. Detailed steps of the method are described as follow.

The first step was to develop an empirical index that may efficiently
identify trees and shrubs on gravel bars in the UAV ortho-photo.
Adopting the formula for the NDVI, we experimented with different
combinations of RGB bands and the fourth (reference) band in UAV
images and found that the index based on the red and reference bands
may be most efficiently used to identify trees and shrubs. In the second
step, individual areas of trees and shrubs were first automatically
identified by calculating this index in ENVI 5.0 and were subsequently
examined manually and corrected wherever errors were found. The
operation accurately extracted boundaries of separated vegetation
clusters in the studied reach (Fig. 6a). Next, the vegetation area detected
on UAV images (A,%) was calculated in each Landsat pixel (30 x 30 m)
as a percentage. The third step produced a plot of A,% versus NDVI
values for all Landsat pixels included in the UAV ortho-photo, which
showed that for pixels with NDVI < 0.1, A,% was less than 10 for almost
all pixels. Visual check of these pixels in the UAV ortho-photo indicated
that vegetation coverage was very small and may be ignored. In the
fourth step, we investigated the nature of the scattered data for pixels
with NDVI > 0.1 by grouping them into several classes that had similar
NDVI values but different A,%, and similar A,% but different NDVI
values. This showed that most pixels with an ‘abnormally’ large A,%
indeed included a significant proportion of grass. Given that the po-
tential impact of vegetation on gravel bars in a braided river is mostly
caused by trees and shrubs, pixels with a significant amount of grass
areas were eliminated. In the last step, values of NDVI and A,% were
used to develop an empirical A,%-NDVI relationship (Fig. 6b). Values of
A% in pixels with NDVI around 0.26 and 0.33 were relatively high,
indicating relatively higher degrees of uncertainties in predicting A,%
values for pixels with NDVI falling around these two classes. However,
the means of A,% values were well correlated with the middle values of
the pixel NDVI in all classes:
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A% = 2.632¢57VPV R2 — 0.89, p < 0.05 (2)

To validate Eq. (2), we estimated A,% by three different methods and
compared them. In the first method, we selected the only available
Google Earth image (with the resolution of 0.6 m) for the studied reach
in 2014 and determined A,% by identifying vegetation areas from this
image and summing all of them (Fig. 6¢). In the second method, we
calculated NDVI values for the 2014 Landsat image and used Eq. (2) to
determine A,%. In the third method, we identified vegetation areas in
the 2014 Landsat image by setting up a threshold value of NDVI and
calculated A,%. The results showed that A,% was 0.22, 0.29, and 0.94
for the three methods, respectively. The third method of directly
counting cells with NDVI above the threshold significantly over-
estimated A,% (Fig. 6¢). Therefore, Eq. (2) was sufficiently accurate
for determining A,% in other years with selected Landsat images.

3. Results
3.1. Effects of morphodynamics on braided planform

Visual analysis of the annual mean flow pattern from Google Earth
Engine (GEE) Landsat resources showed that the braided pattern of the
river mainly evolved during specific years: 1989, 1994, 2000-2001, and
2014(see Supplementary Fig. S2). Although some bends have moved,
the main channel has not changed drastically. The flow pattern has
apparently stayed relatively stable over periods with generally low
braiding intensity for the 1986-1988, 1994-1999, and 2009-2013 pe-
riods, whereas in other periods (i.e., 1989-1994; 2000-2008;
2017-2018), braided activity with multiple and more active flow
channels were observed, but then decreased progressively in the
following years.

To test how these inter-annual geomorphic changes affect braided
channel network, we first studied the interannual variability of the
flowing braiding intensity (Fig. 7a). We found that there is a strong
correlation (R> = 0.66) between the braiding intensity of flowing
channels (BI) and the Qqqity value on the same day when the image was
obtained, although seasonal variations can be clearly observed (Fig. 7a).
This positive relationship indicates that increasing discharges can lead
to more flowing channels in the studied braided reach. Thus, although
the images were all obtained in the dry season when Qg values were
low with less variability, we still adjusted the By values by scaling them
using Qdailyo.zs’ which is based on the By - Qgqity relationship, to elimi-
nate changes in braiding intensity purely caused by discharge variations
(Fig. 7a). From 1989 to 2018, BI; generally decreased, but showed
different temporal trends in four stages (Fig. 7b). In the early period
between 1989 and 2000, the corrected BIy decreased almost linearly

(b)

Cdcen *

| Vegetation area

0.15 0.2 0.25

Mean pixel NDVI

0.3 0.35 04

e | Vegetation by
google earth

Fig. 6. A method of determining vegetation areas on gravel bars in the studied braided reach. (a) Illustration of the calculation of vegetation areas within four
Landsat pixels that have different percentages of vegetation; (b) The established relationship between NDVI values and the associated percentages of vegetation
within each pixel of the Landsat image (Eq. (2)); (c) Validation of Eq. (2) using the Google Earth image in 2014. The green color represents the vegetation areas
calculated using NDVI values and the red boundaries distinguish the vegetation areas within the Google Earth image.
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Fig. 7. Morphodynamic characteristics of the flowing channels. (a) the rela-
tionship between Bl (flowing braiding intensity) and the associated daily Q; (b)
Temporal changes of the adjusted Bl (c) Temporal changes of the hydrological
magnitude and frequency. The gray sections represent the years when daily
discharges are available. The dashed vertical lines mark different temporal
trends of braiding intensity.

except for a lower value in 1995. In the second stage between 2001 and
2009, it decreased with a much higher rate, while in the third stage
(2009-2014), it began to increase most of the time. The corrected By
values in the latest stage between 2014 and 2018 varied within a limited
range, decreasing slightly. These trends are coherent with the previously
described visual observation, indicating that braided activity has
evolved through time and this evolution reflected geomorphic response
of the studied reach to high flows. A resetting of the braided activity
occurred abruptly in 2001 or over several years as observed between
2009 and 2014.

Using the available time series of discharges (gray sections in Fig. 7b
and 7c), we observed that the decrease of braiding intensity in the
1989-1990 and 2014-2015 periods corresponded well with the associ-
ated decreases of annual peak discharges (Qpear) (Fig. 7c). However,
from 2007 to 2008, the decrease of Qpeax corresponded to an increase of
braiding intensity. These complex patterns suggest that braiding in-
tensity is linked to peak discharges through different fluvial events that
led to different behaviors of river morphology. Specifically, a reac-
tivation of the braided activity might be caused by ample sediment input
in the reach that promoted some avulsion processes, activating some
secondary branches (e.g., in the 1989-1990 and 2014-2015 periods),
while a deactivation of the braided activity occurred in the 2007-2008
period when less sediment input facilitated bed incision of the main
branches. Small readjustments were often observed in several years after
these large events (i.e., larger changes of Qpeqx). Because no measured
Quaity values are available in 2000 and 2001, and the available Qpeax
values are not well correlated with the associated NoD, we have no
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evidence to show why By increased significantly from 2000 to 2001.
Nonetheless, it is possible that a large Qpeqx in 2000 caused this increase.
If this assumption is correct, then high discharges, rather than NoD
could be one of the driving forces controlling temporal changes of
channel structure.

Similarly, values of Rs; showed no simple correlation with Qpeax
values from 1989 to 2017 (Fig. 8a). The higher Qpeqx values in 1989 and
2009 were associated with relatively larger R; values, but the largest Ry
value occurred in 2010 when the Qpeqx was much lower. Also, Qpeax
values were higher in 2008 and 2017 than in 2009, but were associated
with very low R, values. The paired 2008-2009 images (Fig. 8b) showed
that relatively low R values were caused by asymmetric bifurcation,
which means that the main channel shifted to its existing neighboring
channel. Thus, the relatively high Qyeqx in 2008 (880 ms/s) created a few
small flowing channels, which accounted for the increase of Bl from
2008 to 2009 (Fig. 7b). However, the paired 2009-2010 images showed
that a relatively high Ry was caused by avulsion, which scoured the
braidplain and connected to an old channel (Fig. 8c). Therefore, though
the Qpeqk in 2009 (732 m>/s) was less than that in 2008, it tended to
create more flowing channels, leading to greater increase of Bl from
2009 to 2010, compared to that from 2008 to 2009 (Fig. 7b). From 2010
to 2011, the lateral change of the main channel was caused by extensive
bank erosion, which happened in multiple segments along the entire
studied reach (Fig. 8d), leading to the highest R value over the entire
study period (Fig. 8a). It is interesting to note that the associated Qpeax
value (510 m®/s) was much lower than the previous two. Apparently,
this peak flow was insufficient to alter the course of the main channel by
either asymmetric bifurcation or avulsion. It seems that higher R, values
did not occur with peak flows but needed progressive channel changes
(aggradation) as a preparation phase before avulsion occurred and the
braiding pattern was reset. This can be further evidenced in 2016 to
2017 when the R, value was relatively low, but Qpesx was much higher
(780 m%/s) (Fig. 8e).

3.2. Seasonal changes of non-flowing channels and hydrological
implications

We also observed from GEE Landsat resources a potential seasonal
pattern in non-flowing channels. By separating mean daily NDWI values
in spring from those in fall and comparing them against the daily dis-
charges over the same period of years, we showed that for the same Qgqi1y
value, spring and fall tended to have similar mean daily NDWI values
(Fig. 9a), though fall might have higher NDWI values for relatively
higher Qqqiy values. This similarity suggests that water channels tended
to have similar wetted areas in spring to those in fall.

Non-flowing braiding intensity (BI,) was on average similar in
spring (April and May) to that in fall (October and November) during
1992, though the associated daily discharges (Qqqi1y) were actually lower
in spring than those in fall (Fig. 9b). A similar trend was found in 2017
(Fig. 9¢). Extending to all years with measured daily discharges and
seasonal images, Bl (expressed as the ratio of Bl to B, for the purpose
of eliminating the potential effect of discharge variations among the
obtained images) on average is marginally higher in spring than in fall
and the average Qqqy is again lower in spring than in fall (Fig. 9d).
However, the difference of Bl,;sbetween spring and fall is not statistically
significant. A possible explanation is that this difference is embodied not
only in the number of channels, but also their lengths.

Calculating braiding intensity for both flowing and total channels in
the five segments along the studied braided reach (Fig. 4f) signified that
the braided structure, highlighted by the ratio of non-flowing to flowing
channels remains similar along the entire studied reach (Fig. 10), even
though the valley becomes narrow in the downstream segment owing to
bedrock constraint (Fig. 4f). Therefore, the previously described ten-
dency of more groundwater flows supplied to non-flowing channels in
spring than in fall (Fig. 9) remains true across the entire studied reach.
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Fig. 8. (a) Main channel changes in the years with measured peak discharges. (b)-(e) Four image pairs showing locations of the changes in these four years.
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3.3. Temporal changes of vegetation on gravel bars

Vegetation area on bars (A,) increased briefly from 1989 to 1992,
and then decreased during the period between 2005 and 2009
(Fig. 11a). It subsequently increased faster and reached the maximum at
the end of the last period (2009-2018). The percentage of A, in the total

bar area varied from 5% to 22% with the mean of 11%, indicating that
vegetation cover in the studied braided reach was generally low. Tem-
poral changes of the active channel width mirroring those of vegetation
generally decreased over time (Fig. 11a), showing that vegetation
encroachment has gradually reduced the braidplain area available for
channel creation and shifting after 2000. No clear link was established
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with peak flows and their changes in braided regime because the tem-
poral trend of available Qpeak (Fig. 7c) is not correlated to that A,
(Fig. 11a). The braided pattern reactivation in the 1989-1990 or
2000-2001 periods did not have any effects on vegetation cover, which
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was reflected by the almost unchanged Av in the same period (Fig. 11a).
Vegetation encroachment (i.e., increase of A,) was quite abrupt from
2008 to 2013, which was a period when braided activity increased
progressively (Fig. 7b). It stopped after 2014 when braided activity was
slightly high (Fig. 7b).

Over the entire study period from 1989 to 2018, the mean temper-
ature of the growing season (i.e., from the middle of June to the end of
September) (T,) generally increased with time, although the scattered
variation of Ty was discernable (Fig. 11b). It appears that a shift occurred
in 2005, after which the interannual variability of T (i.e., coefficient
variation (CV) = 0.030) remained the same as before (i.e., CV = 0.028),
but the mean interannual temperature was significantly higher. The
annual percent change (APC) of A, in the periods before and after 2005
were not discernably correlated to the associated T (Fig. 11c). However,
the average APC of A, in the two periods was 10.72 and 12.94, respec-
tively. The associated mean T; was 11.56 and 13.20, respectively. It
indicated that on average A, experienced a lower degree of annual
change with lower Ty in the earlier period (i.e., 1989-2005) than in the
later period (i.e., 2006-2017). These patterns suggest that (1) the mean
of Ty during the study period of five decades tends to influence vegeta-
tion development on gravel bars, and (2) the degree of T, variation also
affects changes of A,.

4. Discussion

4.1. Do braided planform and morphodynamics reflect low resistance or
high sediment supply?

In the relationship between the active channel width (W) and
watershed area (Fig. 12a), our studied reach was plotted above those in
European alpine river systems based on the data from (Piégay et al.,
2009), suggesting that the ULR reach is likely to be a well-connected
river system with sufficient sediment supply. This morphologic charac-
teristic is further supported using the normalized bed relief index (BRI*),
defined as the ratio of the standard deviation of elevations in an active
channel to the channel width (see Fig. 3 in Liebault et al., 2013). The
mean BRI* value calculated over 15 cross sections of the studied reach
using our UAV data (Fig. 3f) was 0.0013, which is lower than those of
the 31 alpine reaches measured by Liebault et al. (2013). It is also well
known that vegetation actively imposes an additional resistance to flow
and hence helps stabilize morphological structures of channels and bars
(Bertoldi et al., 2011; Tal et al., 2004). This effect has been widely
incorporated into physically based models for predicting the complex
interaction between fluvial processes and morphological responses of
braided rivers (Camporeale et al., 2013; Limaye, 2017; Redolfi et al.,
2016).

Thus, the larger W, of the ULR reach relative to those of the braided
rivers draining through more vegetated corridors in European alpine
systems can also be partly attributed to the fact that the sparse vegeta-
tion in the ULR reach reduces bank resistance and facilitates bedload
movement. This also suggests that wide active channels and wider sec-
tions of braided corridors with typically low BRI* may be potentially hot
spots of interactions between groundwater and surficial water. It follows
that the active channel width should be explored more extensively at the
regional scale of the Qinghai-Tibet Plateau by considering reaches above
and below the elevation limit of tree development to better separate the
effect of bedload supply from that of local resistance caused by vege-
tation encroachment on the active channel width.

Our result that larger R; may not necessarily be caused by high flows
(Fig. 8a) suggests that shifting of the main channel from the develop-
ment of an asymmetrical channel configuration (Bertoldi and Tubino,
2005; Tubino and Bertoldi, 2008) was most efficiently caused by
moderately high competent flows, which was consistent with earlier
studies in the Alps and other braided reaches (Bertoldi et al., 2010; Li
et al., 2008). This result also supports our finding that the temporal
pattern of the braided activity is not fully attributed to the two well-
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Fig. 12. Comparison between the ULR reach and those in European Alps. (a) Active channel width (m) vs watershed area (kmz); and (b) Total braiding intensity (BI,)

vs flowing braiding intensity (BIy).

known factors, peak flows and vegetation resistance.

We observed that although peak flows could partly explain braided
network resetting, they are not the cause of shifting and avulsion. This
fact indicates that river morphodynamics is linked to not only flow
magnitudes, but also the nature of the braided structure in term of
sediment transfer. Moreover, different magnitudes of flows may lead to
different geomorphic responses. We may also expect, as observed in
flume, discontinuous bedload movement at the instantaneous temporal
scale (Peirce et al., 2018), or those at the event scale (Liebault et al.,
2012; Liebault and Laronne, 2008; Misset et al., 2020). This discontin-
uous bedload-transport mode suggests that in the studied ULR reach the
spatial irregularity of short-term sediment pulses on channel
morphology may have quite random effects on channel avulsion that are
potentially a mismatch with magnitudes of peak flows.

Regarding vegetation resistance in the ULR reach, the fact that the
moderately high Qpeqx in 2009 (732 m®/s) created relatively more
channels (Fig. 8a) by avulsion (Fig. 8b) may be attributed to the lack of
vegetation because vegetation cover in the braidplain was lower in this
year (Fig. 11a). On the contrary, a slightly higher Qpeqx in 2017 (780 m3/
s) only caused limited bank erosion (Fig. 8e) with no new channel
created (Fig. 7b) because the vegetation area in 2017 was much higher
than that in 2009. It also should be noted that there is no clear signal
showing that upstream human activities have had any significant impact
on the morphodynamics of the studied reach.

4.2. Interaction between groundwater and surface flows

Fig. 12b shows that the total (both flowing and non-flowing) BI, of
the ULR is generally higher than those of Alpine braided reaches (Belletti
et al., 2013) showed that the ULR reach is situated on the upper set of
reaches studied in the Alps (Fig. 12b), signifying that the channel
structure of the ULR reach is very well characterized by upwelling areas
and non-flowing channels. Therefore, non-flowing channels and their
surrounding braidplains should be potentially good habitats for the
aquatic fauna that are supported by upwelling processes if functioning is
comparable to that observed in low elevation systems (Bertoldi et al.,
2011; Malard et al., 2006).

It is surprising to observe that groundwater supply to non-flowing
channels was similar in spring and fall (Fig. 9a and d). The ground-
water is expected to be recharged by floods or relatively high flows and
logically should be highest after the flood season. Therefore, our
observation suggests that this higher-than-expected intensity of non-
flowing channels during spring may be linked to other factors, such as
the impermeability of alluvium. If the alluvium is frozen, water in sur-
face cannot be absorbed so that this functioning may be a characteristic
of such high-altitude systems.
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In the Val Roseg reach of the Swiss Alps, longitudinal variation of
flowing and total BI, is characterized by an upstream zone of down-
welling and a downstream zone of upwelling caused by a significant
increase of downstream non-flowing channels at the very end of a large
valley downstream of a bottleneck (Malard et al., 2006). In contrast, the
ULR reach demonstrates an even spatial distribution of flowing and total
BI, (Fig. 10), even though valley morphology changes in the longitudinal
direction (Fig. 4f). This spatial pattern and the unexpected higher fre-
quency of non-flowing channels in winter underscore the need for more
field research to better understand the aquifer characteristics and its link
to the surficial water to provide additional information for better
interpreting remote observations.

4.3. Causes of vegetation changes

Our results on vegetation patterns (Fig. 1la) give rise to two
intriguing questions: (1) Why was the vegetation cover reduced by 50%
between 1989 and 2008? (2) What might be responsible for the rela-
tively abrupt encroachment between 2009 and 2014? We believe that
the reduced vegetation cover might be linked to the combination of
scouring process and vegetation mortality. The braided reactivation in
1989 did not seem to fully explain the scouring mechanism as vegetation
cover increased from 20% to almost 30% in 1989 and was still high in
1992. However, the 2000 reactivation event may explain decrease in
vegetation from 20% to 10%. Therefore, vegetation mortality related to
changes in habitat conditions may play a role in the temporal reduction
of vegetation cover, but should be further explored using field moni-
toring. For the second question, we argue that the mean temperature of
the growing season (Tg) may be one of the main factors controlling
changes of vegetation growth and extent (Fig. 11c), as it has been shown
in the Alps by Raepple et al. (2017). However, in our case, changes of
temperature and vegetation cover were not well correlated with each
other (Fig. 11c), suggesting the possible roles of other factors. The
relatively high peak flows in 2008-2009 and the low peak flows from
2010 to 2014 seem to suggest that young plants were not really scoured
during this temporal sequence (Fig. 7b). This might promote recruit-
ment, resulting in the increase of vegetation areas in this period
(Fig. 11a), which may be supported by the well-known recruitment box
model (Mahoney and Rood, 1998). In addition, the state of braided
planform structure and the associated temperature in 2009 might pro-
vide an optimal ecological setting that promoted plant growth and
recruitment.

Unfortunately, it is impossible to disentangle these factors without
more detailed information that needs to be obtained from more field
work. Alternatively, it might be more important to ask whether this
braided system will stay encroached or experience scouring in the
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future. We are certain that low flows had been decreasing since 2009
(Fig. 13). Because the low flow period occurred during the vegetative
dormancy period, it does not influence vegetation growth and recruit-
ment and hence gives way to temperature as the dominant factor of
controlling vegetation changes. This functioning is obviously different
from what has been observed in braided Mediterranean channels where
the vegetation growth and the low flow season is in phase. If low flow
will maintain the current trend, then we expect weakened upwelling
processes and diverse aquatic habitat that can adversely affect biodi-
versity of the ULR system.

5. Conclusions

Little is known about braided rivers in high-elevation regions,
though they often play important roles in the associated cold and fragile
riverine ecosystem. A typical braided river reach within the Upper
Lancang River (ULR), located on the Qinghai-Tibet Plateau with eleva-
tions ranging between 3400 and 3700 m, was examined remotely using
a high-resolution time series of Landsat images and a high spatial-
resolution ortho-image obtained using an Unmanned Aerial Vehicle
(UAV) in May 2018. Analyzing temporal changes and the interaction of
metrics that may sufficiently characterize morphological properties of
braided channels and the dividing gravel bars in the studied braided
reach enabled us to make the following conclusions:

(1) The studied ULR reach seems to be a braided river system that is
abundantly supplied with sediment compared to reaches in the
European alpine river system and others. We showed that the
main channel has shifted over time and the braiding activity has
evolved through time according to peak flows. This potentially
well-connected braided system with sufficient sediment supply
may be caused by less vegetation cover and lower surface
roughness, such that potential sediment waves are able to pass
through it, temporally increasing active channel width and
associated total braiding intensity with channel shifting and local
avulsions. The stability of the main channel over several years
and successive floods was unexpected and these processes
contrast to those observed in the braided reaches of the European
Alps, such that a significant thermal mosaic exists within the
braided environment with potential room for ecological refugees.
Braiding intensity is sensitive to variable low flows. About 30% of
the braided channels are disconnected even during low flows.
The degree of connectivity between surficial and groundwater in
the ULR reach is much higher than many reaches in the European
Alps.

(2
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(3) Temporal variation of vegetation areas on gravel bars in the ULR
braided reach seems to be controlled by not only channel mor-
phodynamics and scouring, but also optimal recruitment win-
dows as shown elsewhere. Additional field work is needed for
better understanding vegetation mortality, scouring, recruitment
and growth to reveal the underlining mechanisms.

(4) Our method of combining UAV data with the concurrent Landsat
image to assess the flowing/non-flowing channel network and
vegetation areas in historical Landsat images within the braided
zone was proven to be a reliable means of obtaining data. The
increased use of UAV technology to obtain high-resolution im-
ages will make this method more valuable in the future for
studying groundwater-surficial water interactions and riparian
vegetation in braided rivers, and to determine if the ULR reach is
unique in the Qinghai-Tibet Plateau or representative of most
braided rivers in term of functioning and temporal trajectories.
Furthermore, we showed the first time the great advantage of
using NDWI values obtained via GEE to assess daily discharges
that cannot be measured directly and detect major channel shifts.
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