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This study investigated bendmorphology and dynamic changes of two highly convolutedmeandering rivers, the
Black River and theWhite River, in the Upper Yellow RiverWatershed of the Qinghai-Tibet Plateau (QTP), China.
Using remotely sensed data, we characterized channelmorphology and lateral changes of 290meander bends in
the two rivers. These bends exhibited extensive development of compound structures with each involving mul-
tiple sub-bends. Theirmigration patternsweredominated by extension, translation, and the combination of both,
with the average migration rate higher in bends that changed by translation than that of bends by other modes.
These morphological changes led to a longitudinal erosion-to-deposition pattern along the two studied rivers.
Our analyses showed that theWhite Rivermigratedmuch fasterwithmore frequent cutoffs but fewer compound
bends than the Black River, which may be attributed to the greater stream power of the former. We found a sim-
ilar single-mode relationship betweenmigration rate and bend curvature, commonly reported in previous stud-
ies, indicating that the largest migration rate occurred in bends with medium curvatures. This relationship,
however, was altered to a quasi-monotonic inverse one when the average migration rates of bends were calcu-
lated for each class interval of bend curvatures, suggesting the complexity of bend morphodynamics. In general,
the two studied meandering rivers migrated slower than many other meandering rivers worldwide, which
allowed their bends to evolve into complex planform structures.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Meandering rivers encompass a broad spectrum of single-threaded
channels that exhibit various sinuous planform patterns (Leopold and
Wolman, 1960; Schumm, 1985; Hooke, 2013). They are typically devel-
oped in alluvial environments and repeatedly migrate over floodplains
(Hooke, 1984; Howard, 1992; Nicoll and Hickin, 2010). A river channel
may be defined as “meandering” when its sinuosity is >1.3-1.5, al-
though a single, clear threshold value of sinuosity is hard to be deter-
mined because it is scale-dependent (Chang, 1984; Ebisemiju, 1994).
Meandering channels may increase their sinuosity by lateral migration
and decrease it by cutoff (Ikeda et al., 1981; Hickin and Nanson, 1984;
Constantine and Dunne, 2008; Güneralp and Rhoads, 2009). Spatial
and temporal patterns of meanders are controlled by hydrogeomorphic
properties of channels and floodplains, which arise from complex inter-
actions among river flow, sediment transport, channelmorphology, and
floodplain characteristics (Ferguson, 1975; Dietrich et al., 1979;
Anthony and Harvey, 1991; Simon and Collison, 2002; Perucca et al.,
2007; Hooke, 2013; Constantine et al., 2014; Schwendel et al., 2015).
Research on forms and processes of meandering channels includes
empirical and theoretical analyses for explaining and predicting pat-
terns of meander morphology and its changes at multiple spatial and
temporal scales (Stølum, 1996; Güneralp et al., 2012; Hooke, 2013;
Church and Ferguson, 2015). While empirical studies aim to character-
ize meander processes from different aspects, such as bank erosion, bar
formation, cutoff, and, more generally, lateral migration (e.g., Nanson,
1980; Thorne, 1991; Frothingham and Rhoads, 2003; Constantine
et al., 2014; Li and Gao, 2019a), theoretical approaches rely on experi-
mental or numerical models to simulate morphodynamic processes in-
volved in meander evolution (e.g., Ikeda et al., 1981; Zolezzi and
Seminara, 2001; Darby et al., 2002). Many of these studies highlighted
hydrologic processes in controlling channel morphological adjustment
(e.g., Dietrich, 1987; Markham and Thorne, 1992), whereas others fo-
cused on revealing kinematic linkages between bend morphology and
migration (e.g., Parker et al., 1983; Hickin and Nanson, 1984; Hudson
and Kesel, 2000; Hooke, 2007). Experimental and modeling outcomes
are typically supported by in-situ measured data and/or planformmor-
phology of specific meandering rivers (e.g., Howard and Knutson, 1984;
Lancaster and Bras, 2002), which lead to an enduring limitation: the
findings lack generalization (Güneralp and Marston, 2012). The main
reason for this limitation is that repetitively measuring meander
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channel morphology and its temporal changes is labor intensive and
thus could not be widely deployed in practice. For instance, it is well
known that bend migration is not only controlled by intensified shear
stress along the outer bank but also affected by bar development as
the latter changes flow structure (Seminara, 2006). Yet, measuring
these hydraulic parameters and bend morphology over time is prag-
matically difficult because of the obvious logistic challenges, though
there have been very limited studies on detailed velocity distribution
in channel cross sections and spatial variations of bank properties
along a meander bend (Frothingham and Rhoads, 2003; Zinger et al.,
2013; Konsoer et al., 2016). Therefore, using satellite imagery to effec-
tively extract bend morphology over various spatial and temporal
ranges, and to understand how meander planform patterns are tied to
its lateral migration is still popular in current research frontiers
(Hooke and Yorke, 2010; Ollero, 2010; Gilvear and Bryant, 2016;
Schwenk et al., 2017; Guo et al., 2019; Ielpi and Lapôtre, 2019).

Studies in the past five decades have advanced our knowledge in:
(1) quantifying bend geometry using morphological metrics such as
bend amplitude, wavelength, and curvature (e.g., Magdaleno and
Fernández-Yuste, 2011; Yousefi et al., 2016); (2) determining diverse
trajectories of bend migration using a typology of bend change
(e.g., Hooke and Harvey, 1983; Morais et al., 2016); (3) understanding
the lag between locations of maximum bend curvature and migration
rate, and their relationships (e.g., Nanson and Hickin, 1983; Güneralp
and Rhoads, 2009; Sylvester et al., 2019). Nonetheless, we are far from
reaching general models that enable the prediction of the evolution of
meandering rivers under various environments. We are still missing
two pieces in our current understanding of meandering rivers with
regards to river environments and the complexity of river planform.
First, though meandering rivers with complex planform structures
have been noted and studied (e.g., Frothingham and Rhoads, 2003;
Gautier et al., 2007; Hooke, 2013), their patterns of channelmorphology
and dynamics are not yet fully understood. Second, meandering rivers
in temperate and tropical lowland environments have been extensively
Fig. 1.Overview of the study area. (a) Qinghai-Tibet Plateau (the shaded area) and the Zoige Ba
studied reaches (within dotted lines); (c) Plan view of a section of each studied river (their loc
River.
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investigated, but little attention has been paid to those developed in
high-elevation environments where the hydrological regime, land
cover, and other hydrogeomorphic factors may be different.

We investigatedmorphological characteristics and dynamic changes
of two meandering rivers with complex planform structures in the
Upper Yellow River Watershed, located in eastern QTP of western
China (Fig. 1a). In particular, we attempted to achieve three objectives:
(1) to characterize channel planformmorphology of the two meander-
ing rivers; (2) to reveal patterns of channel morphological and
morphodynamic changes; (3) to assess geomorphological differences
between the two rivers and among other meandering rivers in the
world.

2. Materials and methods

2.1. Study area

Sourced from the Bayan Har Mountains in northeastern QTP, the
Upper Yellow River runs for about 600 km until arriving at the “First
Great Bend” where the two main tributaries, the Black and the White
rivers, converge (Fig. 1b). The contributing areas of the two rivers
form the Zoige Basin whose mean elevation is approximately 3400 m.
The Zoige Basin has a relatively flat topography surrounded by high
mountains formed around 14million years ago owing to orographic ac-
tivities (Nicoll et al., 2013). The basin is filled with lacustrine deposits
that are at least 30 m deep (Chen et al., 1999), allowing local rivers to
develop alluvial channels. The Zoige basin has a typical highland climate
and is strongly influenced by the East AsianMonsoon that brings precip-
itation during the summermonths. The Black and theWhite rivers both
originate from the Minshan Mountains and generally flow northward
through the Zoige Basin with the former situated in the north and the
latter in the south (Fig. 1b). Their drainage areas are 7600 and 5500
km2, respectively, and their mean annual discharges at the outlets are
58 and 56 m3/s, respectively.
sin (the outlined area) in China; (b) Geomorphology of the Zoige Basin and locations of the
ations are marked in red in (b)) and examples of simple and compound bends in the Black
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This study focused on themiddle and lower reaches of the two rivers
(i.e., the lower Black River and the lowerWhite River) where meander-
ing channels are extensively developed. Their floodplains feature ample
oxbow lakes and are covered by uniformly distributed peat or grass.
Specifically, the studied reach of the Black River starts at the first up-
stream confluence where the Requ River joins the Black River in the
Town of Dazhasi and ends at the outlet of the Black River (Fig. 1b).
The total channel length is approximately 240 km. For the White
River, we studied the lowermost 190 km reach before it enters the
Upper Yellow River (Fig. 1b). The reach-averaged sinuosity of the
lower Black and White rivers are 2.03 and 1.63, respectively, though
their local channel segments commonly have higher sinuosity (>2.0).
Their average channel widths are 86 and 91 m, respectively. The lower
Black River develops many compound bends with convoluted loops
that form highly sinuous channels, whereas the lower White River has
fewer compound bends but more mid-channel and lateral bars, espe-
cially near the downstream end (Fig. 1c). The average channel gradients
are 0.09‰ and 0.4‰ for the studied reaches of the Black and theWhite
rivers, respectively. Lateral migration and cutoff are the predominant
processes shaping their planform structures with the latter dominated
by neck cutoff. Both studied reaches are gravel-bedded and have com-
parable grain size distributions in channel banks and beds. Banks
along the two studied reaches have a two-layer vertical structure with
the top one comprised of soil-vegetation (peat or grass) mixture and
the lower one comprised of fine sand and silt (the average median par-
ticle size is 89 μm based on analysis of particle size distribution from
several field-collected samples) that are graded into the bank toe
formed by fine gravels. Because the top mixed layer has a much higher
resistance to fluvial erosion than the lower layer does, channel banks
often form cantilever arms. Therefore, cantilever failure caused by con-
tinuous fluvial erosion is the key mechanism of bend evolution in the
Zoige Basin (Li and Gao, 2019a).

The two studied reaches largely remain undisturbed. Human activi-
ties in the Zoige Basin are primarily grazing. Along themain channels of
the two rivers, the only two towns, Qiongxi (Hongyuan County seat)
and Dazhasi (Zoige County seat), have a population of around 10,000
in each. The greatest environmental change within the Zoige Basin
over the past few decades was wetland degradation, which was mainly
attributed to the excavation of artificial ditches between the 1960s and
1990s that had drained 57.7% of peatland areas as of 2015 and gully ero-
sion on hillslopes (Qiu et al., 2009; Li et al., 2018; Li and Gao, 2019b; Li
et al., 2019). In general, channels of the two rivers largely remain in pris-
tine conditions.

2.2. Methods

2.2.1. Data acquisition and error assessment
Using Landsat Thematic Mapper (TM) and Operational Land Imager

(OLI) data with a spatial resolution of 30 m, we extracted channel plan-
formmorphology in 1986 and 2017. The data selected were acquired in
the summer when cloud cover was minimal and the water level was
high, such that meander bends along the reaches may be clearly identi-
fied. Because the rate of channel migration in the studied reaches was
relatively small, an observation fromour preliminary study, the selected
satellite imagery of 1986 and 2017, spanning over 31 yr, was sufficient
to capture changes in the meander bends. Because several segments of
the channels in both studied reaches (accounting for <5% of total chan-
nel lengths) were not identifiable because of cloud cover in the 1986
data, an additional TM image obtained in summer 1990 was used for
compensation. The satellite images were then imported into ArcGIS
where channel banks and centerlines were digitized. The bank lines
were digitized according to the identified vegetation boundaries along
the channels that best represent channel bankfull width
(e.g., Winterbottom, 2000; Frias et al., 2015; Donovan et al., 2019).
These vegetation boundaries were determined using the Normalized
Distribution Vegetation Index (NDVI) based on a threshold of 0.2
3

(Bertoldi et al., 2011; Henshaw et al., 2013) such that areas with pixel
values smaller than the NDVI threshold were identified as river chan-
nels. This included both water surfaces and bars. Channel centerlines
were then delineated based on identified bank lines.

Twomain types of uncertainties are associatedwith data acquisition
and processing in this study. Thefirstwas the registration error from the
original satellite images, which could be viewed in the metadata. The
Root Mean Square Error (RMSE) for data registration was 6.95 and
7.83 m for the 1986 and 2017 images, respectively. These errors
accounted for <10% of the average channel width for both studied
reaches. The second type of uncertainty may arise during the process
of channel digitization, which we assessed by calculating the mean lat-
eral displacement of a section of channel bank from 50 times of re-
digitization under the same scale (Downward et al., 1994). We found
that the digitizing error was 2.3 m (±0.65) under the scale of
1:10,000. The total error (Et) could be subsequently calculated by:

Et ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1

2 þ E2
2

q
ð1Þ

where E1 and E2 denote registration and digitizing errors, respectively.
In this study, the calculated Et was 7.32 and 8.16 m for the images of
1986 and 2017, respectively. Therefore, any linear distance of channel
morphology and lateral change <10 m was neglected and treated
as zero.

2.2.2. Bend identification and morphometric analysis
Meander bends were identified based on channel centerlines at the

initial condition of the study period (i.e., 1986). A bend was identified
where there is an arc of at least 60° along the channel centerline
(Brice, 1974). All qualified arcs were subsequently classified as either
simple bends or sub-bends of compound bends. Although a simple
bend only contains one qualified arc, a compound bend contains multi-
ple qualified arcs adjacent to each other. A potential problem associated
with the classification of meander bend morphology is that quantita-
tively distinguishing compound bends from simple bends is difficult.
For instance, a given channel segment with multiple qualified arcs
may be identified as a single compound bend that involves multiple
sub-bends or as multiple simple bends developed in a row. Therefore,
we determined that a compound bendmay be identified by two condi-
tions: (1)where a bendneck (the narrowest part of the bend) is present
and the neck width (wn) is smaller than ten times the average channel
width (w) at the neck (Fig. 2a); (2) if a bend neck is not present, the
radii of qualified arcs (O1, O2, etc.) are located on the same side
(i.e., the left or right bank) of the channel and the distance between
any two adjacent radii is less than ten times of averagew at bend apices
(Fig. 2b). In the first condition, all qualified arcs beyond the bend neck
are identified as sub-bends of the compound bend, asmarked by dotted
circles. This distance threshold (i.e., 10w) was determined based on our
preliminary study of themeander bends. Although it may be subjective,
it was sufficient for effective bend classification in the lower Black and
White rivers.

The planform morphology of each bend was then characterized
using bend amplitude (Aw) and wavelength (Lw) (Magdaleno and
Fernández-Yuste, 2011) (Fig. 2c), which captures the degree of bend
elongation and widening, respectively. Both parameters were normal-
ized withw of each bend apex. For compound bends, Aw was measured
from the farthest sub-bend and was normalized by the average w at
bend apices of all sub-bends in the compound bend. Both Aw and Lw
were used to compare statistically between the two types of bends
(i.e., simple and compound) and between the two rivers. The parame-
ters were also plotted against longitudinal distance, which was mea-
sured in downstream direction as valley length, rather than the
channel length. Radius of curvature of meander bends (rm) was mea-
sured for all identified bends by drawing circles that fit the arcs previ-
ously used for bend identification (e.g., Brice, 1974; Hooke, 1984;



Fig. 2. Bendmorphology andmorphometric parameters. (a) Identification of a compound bendwhen a bend neck is present; (b) Identification of a compound bend without a bend neck.
Shapes of the compound bends are based on Fig. 1H and P in Brice (1974); (c) Definition of morphometric parameters in ideal sine-curved meander bends.
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Nicoll and Hickin, 2010) (Fig. 2c). For compound bends, rm was mea-
sured for each individual sub-bend. Meander bend curvature (rm/w)
was then calculated by normalizing rm with w at bend apices.

2.2.3. Analysis of channel morphological changes
Morphological changes of the studied reaches were characterized

based on the typology (Hooke andHarvey, 1983; Hooke, 1984) describ-
ing relative positions of the same bend in the beginning (i.e., 1986) and
ending (i.e., 2017) year (Fig. 3). By superimposing the two extracted
centerlines and viewing the positional changes of each bend (sub-
bends), we classified patterns of bend changes into four main catego-
ries: extension, translation, cutoff, and retraction (Fig. 3). In addition, a
significant number of bends in both reaches exhibited a pattern that
combined both extension and translation. To reflect their differences
with pure extension and pure translation, we created two more
Fig. 3.Major types ofmeander-bend change observed in the studied reaches of theBlack and the
channel, respectively.
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categories: extension with translation (ET) and translation with
extension (TE). In particular, ET reflected the change of a bend that
had migrated for a greater distance in the transverse direction
(i.e., towards the floodplain) than in the longitudinal direction
(i.e., downstream along the channel), whereas TE represented the
change of a bend that hadmigrated for a greater distance longitudinally
than transversely. Other than these types of bend changes, meander
bends that involved lateral changes of large, semi-vegetated bars or
islands were marked as “conditional” cases in the classification. These
large bars and islands were rare in both studied reaches because of
the dominant single-thread characteristic of meandering channels.

Meander morphological changes have also been commonly de-
scribed by calculating the lateral migration rates of meander bends
(Hickin and Nanson, 1984; Casado et al., 2016; Alber and Piégay,
2017). We measured lateral migration of all bends between 1986 and
White rivers. The black and the grey lines indicate the initial andfinal positions of the same



Table 1
Summary of bend identification in the studied reaches.

Black River White River

Number of bends Number of bends

Total bends 149 141
Simple bends 99 128
Compound bends 50 13
Compound bends with Two sub-bends 36 10

Three sub-bends 9 3
Four sub-bends 5 0
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2017 as the maximum displacement along the superimposed channel
centerlines of each bend, including each sub-bend. Amigration distance
<10mwas considered as zero because of potential errors described be-
fore. For bends that changed by translation, the lateral migration was
measured by linking points with a similar local curvature in each bend
because it best reflected dynamic patterns of meander-bend change.
In the studied reaches, the maximum migration typically occurred at
or immediately downstream of bend apices. The 31-yr total migration
was then normalized with w and was statistically summarized among
different types of bend change and between the two studied reaches.
Because this study only involved one time period (i.e., 1986-2017) for
both studied reaches, we used total migration distance over the 31-yr
study period for assessment. Migration distances of meander bends
that changed by extension, translation, ET, and TE were then plotted
against bend curvature to examine their relationships.
2.2.4. Analysis of morphodynamic patterns
In this study, morphodynamic patterns referred to spatial distribu-

tions of erosion and deposition inmeander bends along the two studied
reaches. In particular, an area outside the bank boundary of 1986 but
within the boundary of 2017 was considered an erosional area (Ae),
Fig. 4. Longitudinal distributions of width-normalized Aw and Lw of simple and compound b
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whereas that within the bank boundary of 1986 but outside of the
boundary of 2017was considered a depositional area (Ad). Any individ-
ual area of erosion or deposition<100m2 orwith an averagewidth<10
m was neglected owing to the potential uncertainties described before.
Ae and Adwere notmeasured for bends that changed by cutoff and irreg-
ular change. We calculated total Ae and Ad, their mean values, and coef-
ficient of variation (CV). We also used the ratio of erosion to deposition
(Ae/Ad) of each bend to examine reach-scale morphodynamic patterns
with Ae/Ad > 1 indicating an erosion-dominated pattern and Ae/Ad < 1
indicating a deposition-dominated pattern. For meander bends without
deposition (i.e., Ad=0), wemanually set Ad=1 to assure that the ratio
was mathematically meaningful.

3. Results

3.1. Bend morphology

We identified 149 meander bends in the lower Black River and 141
bends in the lower White River. In the former, 99 were simple bends
and the remaining 50 were compound. In the latter, however, 128
bends were simple and only 13 were compound (Table 1). Among the
compound bends in both studied reaches, the majority had two sub-
bends, making up 72% and 77% of the total in the lower Black and
White rivers, respectively. The number of compound bends with three
sub-bends accounted for 18% and 23% in the lower Black andWhite riv-
ers, respectively. Only the lower Black River had five compound bends
with each having four sub-bends, accounting for 10% of the total com-
pound bends in the studied reach. In addition to the presence of more
sub-bends, the lower Black River also exhibited a cluster pattern for
compound bends. Among the 50 compound bends, 40 were distributed
next to one another, forming several compound bend clusters with each
containing two to six compound bends. By contrast, compound bends in
the lower White River were sporadically located over the entire reach
and did not exhibit any cluster pattern.
ends in the studied reaches of the Black River (a and b) and the White River (c and d).



Table 2
Summary on types ofmeander bend change in the studied reaches. Each sub-bend of com-
pound bends was analyzed independently for bend change.

Types of bend change Black River White River

Number of bends Number of bends

Total bends incl. sub-bends 218 157
Extension 100 77
Translation 39 14
Extension with translation 18 5
Translation with extension 15 10
Cutoff 1 9
Retraction 5 3
Conditional extension 2 2
Conditional retraction 3 N/A
Translation with retraction 1 N/A
Irregular change N/A 15
No change 34 22

X. Guo, P. Gao and Z. Li Geomorphology 379 (2021) 107626
In the lower Black River, Aw of simple bends ranged between 1 and
23.3 widths with the mean of 7.6 and CV of 0.62. Aw of compound
bends ranged between 3.9 and 33.3 widths with the mean of 15.7 and
CV of 0.39 (Fig. 4a), showing that Aw of simple bends was significantly
smaller than that of compound bends (p< 0.01), but with greater vari-
ability than that of compound bends. In the lower White River, Aw

ranged between 1.4 and 17.2 widths for simple bends and between
7.1 and 29.3 widths for compound bends. The mean Aw and CV were
6.8 widths and 0.54, respectively, for simple bends, and 13.9 widths
and 0.44, respectively, for compound bends (Fig. 4c). Although Aw of
simple and compound bends in the lower White River was also signifi-
cantly different (p < 0.05), the difference was relatively less, compared
to that between simple and compound bends in the lower Black River.

By contrast, Lw did not differ significantly (p> 0.05) between simple
and compound bends in both studied reaches. In the lower Black River,
Lw ranged between 1.2 and 23.8 widths for simple bends and between
1.5 and 22.2 widths for compound bends. The mean Lw and CV were
10.1 widths and 0.49, respectively, for simple bends and 8.4 widths
and 0.56, respectively, for compound bends (Fig. 4b). In the lower
White River, Lw ranged between 3.3 and 20.4 widths for simple bends
and between 6 and 23.8 widths for compound bends. The mean Lw
and CV were 11 widths and 0.33, respectively, for simple bends and 13
widths and 0.33, respectively, for compound bends (Fig. 4d).
3.2. Morphological changes

With each sub-bend of compound bends counted independently for
analysis of bend morphological change, there were a total of 218 bends
in the lower Black River and 157 bends in the lower White River
Fig. 5.Data distribution andmean value (dark dots) of width-normalized totalmigration distan
River (a) and the White River (b).
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involved (Table 2). It was interesting to note that 16% and 14% of the
total number of bends in the lower Black andWhite rivers, respectively,
did not have traceable changes. In both rivers, extension was the most
common mode of bend change, which accounted for 46% of bends in
the lower Black River and 49% in the lower White River. Translation
was also common in both studied reaches, amounting to 18% of the
total bends in the lower Black River and 9% in the lower White River.
All cases of translation in the two reaches involved bends that migrated
towards the downstream direction. ET and TE, as the combination of
bend extension and translation, occurred in about 8% and 7%, respec-
tively, of bends in the lower Black River. This compares to about 3%
(ET) and 6% (TE) of bends in the lower White River.

In addition to extension, translation, ET, and TE, other types of bend
change were rarer in the lower Black River but more common in the
lower White River. From 1986 to 2017, the lower Black River only had
one case of bend cutoff, whereas the lower White River had nine cases
that accounted for 6% of total bends in the studied reach (Table 2). Fif-
teen cases in the lower White River were classified as “irregular
change”, whichmostly occurred in bends that shared a portion of chan-
nel segments with the bends changed by cutoff. Morphological changes
of those bends with “irregular change” therefore could not be classified
into any of the identified modes. Moreover, retraction, translation with
retraction, and bends impacted by lateral changes of bars and islands
(marked as “conditional”) were relatively rare, in total accounting for
5% and 3% of all bends in the lower Black andWhite rivers, respectively.

Total migration distances from 1986 to 2017 were statistically sum-
marized among the four major types of meander-bend change: exten-
sion, translation, ET, and TE (Fig. 5). In both reaches, the bends
changed by translationmigrated significantly faster than those changed
by extension (p < 0.05). The average total migration distances were
0.30 and 0.74 widths for bends that changed by extension in the
lower Black and White rivers, respectively, whereas the respective
values for bends changed by translation in the two reaches were 0.50
and 1.50 widths. Therefore, the average migration distance of bends
changed by translation was about 67% and 103% higher than that of
bends changed by extension in the lower Black and White rivers, re-
spectively. Migration distances of bends changed by ET and TE, in gen-
eral, fell between those of pure extension and translation in both
studied reaches, although in the lowerWhite River themeanmigration
distance of bends changed by ET was as much as that of bends changed
by translation (Fig. 5). Overall, meander bends in the lowerWhite River
tended to migrate much faster than bends in the lower Black River. On
average, the total migration distance of bends in the lower White
River was 147%, 206%, 250%, and 159% greater than those of the bends
in the lower Black River for bends that changed by extension, transla-
tion, ET, and TE, respectively.

For bends that changedby extension and translation,multiple lateral
migration rates were associated with a given value of rm/w (Fig. 6).
ce among the fourmajor types of meander-bend change in the studied reaches of the Black



Fig. 6. Relationships between migration distances from 1986 to 2017 of meander bends that changed by the four major modes of bend changes in the studied reaches of the Black River
(a) and the White River (b) and rm/wwith the envelope curves.
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However, the range of variation increased first with increasing rm/w,
until it reached a value between two and three, and then decreased
for the rest of rm/w values. This pattern may be characterized by a
single-mode parabolic envelop (black dotted lines) showing that bend
migration reached the maximum when rm/w= 2-3 in both reaches. In
addition, bends that changed by ET and TE were blended into those of
the previous two types and followed similar patterns (Fig. 6).

3.3. Morphodynamic patterns

From 1986 to 2017, the total Ae and Ad in the lower Black River were
2.6 and 3 km2, respectively. For all individual bends along the lower
Black River, values of Ae varied within a limited range between zero
and 0.04 km2 with the mean value of 0.012 km2 and CV of 0.58
(Fig. 7a). By contrast, with the mean of 0.014 km2 and CV of 0.89, the
longitudinal distribution of Ad in the lower Black River oscillated more
widely with higher values prevailing in the downstream portion of the
reach. The higher degree of variation for Ad was mostly caused by a
few spikes representing substantial deposition in these bends. Some of
the bends with larger Ad (i.e., >0.06 km2) were changed by conditional
retraction triggered by the closure of secondary branches previously
separated from the main channels by central bars. In general, locations
of high and low Ae values were in phase with those of Ad, indicating
that lateralmigrationwas primarily achieved by bend lateralmovement
that involved erosion and deposition to occur separately on the banks
(Fig. 7a).

In the lowerWhite River, although the general oscillating patterns of
Ae and Ad were similar to those found in the Black River, the degree of
oscillation tended to increase longitudinally along the reach (Fig. 7b).
Values of both Ae and Ad were constrained in a relatively small range
with the mean Ae and Ad of 0.021 and 0.019 km2, respectively, in the
Fig. 7. Longitudinal patterns of Ae and Ad in the studied re
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first 50 km. Many spikes were present in the rest downstream portion
of the reach, leading to the increased mean values of Ae and Ad

(i.e., 0.032 and 0.055 km2, respectively). Over the entire reach, the
total value of Ae and Ad were 3.3 and 4.1 km2, respectively. The mean
Ae and Adwere 0.024 and 0.031 km2, with their CVs of 0.65 and 0.82, re-
spectively. This signified that deposition was the dominant pattern in
the studied reach of the White River and that lateral movement was
generally greater in the lower White River than that in the lower
Black River, a finding consistent with patterns of bend migration.

Longitudinal patterns of Ae/Ad in the two reaches suggested a
non-linear decreasing trend in both reaches (Fig. 8). Although the rela-
tionship was featured by a discernable degree of scatter and different
decreasing ranges, both reaches showed an erosion-dominated pattern
in the upstream portion and a deposition-dominated pattern down-
stream. In the Black River, the turning point for the dominant
morphodynamic pattern (i.e., from erosion to deposition-dominated)
was about 60 km, the midpoint of the studied reach, indicating a spa-
tially balanced morphodynamic pattern within the reach (Fig. 8a). By
contrast, with the turning point for morphodynamic pattern located
much more upstream, the lower White River exhibited a strong
deposition-dominated trend (Fig. 8b).

4. Discussion

4.1. Relationship between bend curvature and channel migration

The results on the lower Black and White rivers showed that bend
migration rates were nonlinearly related to bend curvature (rm/w)
with a migration maxima that occurred around rm/w= 2.2 and 2.6, re-
spectively, for the two rivers (Fig. 6). Accordingly, bends with both
smaller and larger curvatures than the critical value tended to migrate
aches of the Black River (a) and the White River (b).



Fig. 8. Longitudinal patterns of ratio Ae/Ad in the studied reaches of the Black River (a) and the White River (b).
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more slowly. This pattern was in accord with findings reported inmany
other meandering rivers (e.g., Hickin and Nanson, 1975; Nanson and
Hickin, 1983; Hooke, 1997), which further confirmed the
long-standing assertion that bend migration tended to reach the peak
in bends with medium curvatures of approximately rm/w = 3 (Hickin,
1978). It should be noted that the relationship between bend curvature
and migration rate was obtained from meander bends regardless of
theirmigrationmodes (e.g., extension and translation). Although earlier
modeling studies had supported this conceptual generalization
(e.g., Howard and Knutson, 1984), evidence from field studies indicated
that this nonlinear pattern between bend curvature andmigration rates
in fact existed as an envelope covering a wide range of migration rates
for a given rm/w (Hudson and Kesel, 2000; Nicoll and Hickin, 2010;
Hooke, 2013; Finotello et al., 2019), as shown in Fig. 6. This pattern be-
tween bend curvature and migration rates suggested that meander
bends with medium bend curvature were likely to be most capable of
eroding banks and reworking floodplains because tightened bends
with very high curvature (small rm/w values) could cause increased
flow resistance and partially offset the degree of erosion on the outer
banks (Bagnold, 1960; Hickin and Nanson, 1984; Blanckaert and Graf,
2001).

When accounting for the percentage of bends in each rm/w class in-
terval (every 0.5 of rm/w value, starting from 0 for the Black River and
from1 for theWhite River) regarding the total number of bends and cal-
culating the weighted average in each rm/w interval, we reproduced a
curve similar to the classic envelope for both studied reaches (Fig. 9).
Fig. 9.Average andweighted averagemigration distances of meander bends that changed by ex
(a) and theWhite River (b). Both measures were calculated for every 0.5 increment of rm/w, sta
Black River and >5.5 in the White River were summarized in the 5.5-6 and 5-5.5 intervals, resp
number in each class interval to the total number.
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However, by taking a simple average ofmigration rates for each class in-
terval of rm/w, we found that bendmigration was, in general, monoton-
ically and inversely related to the curvature with larger migration
distance associated with larger curvature (small rm/w values). This
quasi-monotonic and inverse relationship indicated that bends with
higher curvature tended to migrate at higher rates, which was sup-
ported by a recent study on the meandering tributaries in the Amazon
River (Sylvester et al., 2019).

We believe that this apparent discrepancy revealed a fundamental
mechanism of bend migration. As a bend tightens with increasing cur-
vature (decreasing rm/w values), migration of the bend apex is less af-
fected by that of its upstream positions because the bend has short
spatial memory (Güneralp and Rhoads, 2009). Thus, a bendwith higher
curvature (smaller rm/w)maymigrate faster. On the other hand, as bend
curvature increases, theremay be a higher probability of initiating cutoff
to eliminate the entire bend along themeandering channel or triggering
compound-form development to stabilize the original bend. This sug-
gests that for a given meandering reach, the number of bends with
greater curvature (smaller rm/w) tends to be fewer than that of bends
with smaller curvature (greater rm/w). This may be perceived as an in-
herentmechanismof rivermeandering bywhich the planformofmean-
der bends stabilizes. Moreover, the peak in the envelope curve that
emerged for rm/w in the range between two and three suggested that
the balance between increased flow resistance and fluvial erosion
could reach a level leading to the maximum migration rate, although
most bends with rm/w between two and three could not reach this
tension, translation, ET, and TE from 1986 to 2017 in the studied reaches of the Black River
rting from 0 for the Black River and from 1 for theWhite River. Bend curvatures >6 in the
ectively. Weighted average migration was calculated based on the proportion of the bend



Fig. 10. Longitudinal patterns of channel widths (w) in the studied reaches of the Black River (a) and the White River (b).
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level (Fig. 6). Therefore, bendmigration is controlled by bend curvature
in a complex way that has not yet been fully understood.

4.2. Comparison of bend migration rates between the two studied reaches
and with other meandering rivers

Meander bends in the lower Black and White rivers exhibited sev-
eral distinct morphological characteristics. First, the lower Black River
had significantly more compound bends as expressed by both the abso-
lute number (i.e., 50) and the percentage of all bends (i.e., 34%) com-
pared to the lower White River (i.e., 13 and 9%) (Table 1).
Additionally, the compound bends in the lower Black River tended to
bemore complexwithmore sub-bends andwere distributed in clusters.
Second, though both Aw and Lw of the compound bends remained gen-
erally unchanged along the two studied reaches with higher variations
in the Black than in the White River (Fig. 4), the two studied reaches
showed significantly different longitudinal trends of w. Although w of
the lower BlackRiver only showed a gradual, constant increase through-
out the whole reach from about 50m at the upstream end to about 100
m at the outlet of the river (i.e., 120 km),w of the lowerWhite River in-
creased gradually in the first 40 kmbut then rose drastically in the lower
half of the reach (i.e., after 60 km) (Fig. 10), showing a strong tendency
of widening before the river flowed into the Upper Yellow River. Third,
the lower White River migrated at a much faster rate than that of the
lower Black River. Within the studied period, the mean width-
normalized migration distance of bends that changed by extension
and translation in the lowerWhite River were 2.5 and 3.1 times, respec-
tively, the migration distance of the lower Black River (Fig. 5). Lastly,
only one cutoff occurred in the lower Black River, whereas nine such
cases occurred in the lower White River.

Because the two reaches are located in the same area with identical
climatic settings and similar hydrogeomorphic properties in terms of
Table 3
Comparison of width-normalized channel migration rate with other meandering rivers.

Mean migration (widths/year) Max migration (widths/ye

Black River 0.011 0.034
White River 0.028 0.12
Beni River 0.055 0.25
Lower Mississippi 0.028 0.077
Tarim River 0.1 2.3
Dane River 0.04 0.07
Sacramento River 0.01 0.05
Canadian Rivers 0.019 0.068
Luangwa River <0.1 0.22
Mamoré River 0.05 >0.05
Solimões–Amazon River 0.005 0.03
Ebro River 0.043 >0.2
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the channel size, mean discharge, grain size, and land cover, the most
significant difference between the two studied reaches is channel gradi-
ent, as the White River is steeper than the Black River. Additionally,
though the annual mean discharges of the two rivers were close, the
mean annual maximum discharges were 198 and 304 m3/s for the
lower Black andWhite rivers, respectively. It follows that themaximum
unit stream power in the lower White River (13.1 W/m2) was signifi-
cantly higher than that of the lower Black River (2.0 W/m2). Therefore,
stream power is likely the critical external factor resulting in the high
migration rate and more frequent meander cutoff in the lower White
River, as corroborated in many other meandering rivers (Gautier et al.,
2007; Nicoll and Hickin, 2010; Hooke, 2013).

On average, meander bends that changed by extension, translation,
ET, and TE had migration rates of 0.011 and 0.028 widths/year for the
lower Black and White rivers, respectively. To compare with other
meandering rivers worldwide in different hydrogeomorphologic set-
tings, we summarized the mean and maximum width-normalized mi-
gration rates reported from previous studies (Table 3). Those rivers
vary greatly in size and in their environmental settings, such that they
represent a sufficiently wide range of natural meandering rivers in the
world.We found that lateralmigration of the lower Black andWhite riv-
ers were in the group of rivers with low rates. In particular, the lower
Black River had one of the lowest migration rates, suggestive of the
slow evolution of the channels and floodplains in this area. However,
this comparison is complicated by the inconsistency of the measured
migration rates in the selected rivers, which was affected by issues
such as: (1) whether width-normalized migration was used;
(2) whether lateral migration was measured for entire meandering
reaches or only for meander bends; (3) whether the maximum or the
average migration distance within the entire course of each bend was
used to represent migration distance of the bend for studies focusing
on bend-based migration. Migration rates produced in our study are
ar) Average w (m) How migration was measured Reference

86 Maximum This paper
91 Maximum This paper
600 Unclear Gautier et al. (2007)
1600 Maximum Hudson and Kesel (2000)
260 Maximum Li et al. (2017)
15–20 Unclear Hooke (2007)
374 Unclear Micheli et al. (2004)
21–288 Maximum Nicoll and Hickin (2010)
100–200 Maximum Gilvear et al. (2000)
300–500 Average Constantine et al. (2014)
>2000 Maximum Mertes et al. (1996)
200 Maximum Ollero (2010)
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high estimates becausewedid not includemeander bends exhibitingno
lateral migration, and we calculated the mean migration rate using the
maximum distance of each bends. Nonetheless, lateral migration rates
in the Black and White rivers were still generally low compared to the
sample of rivers from other regions (Table 3).

5. Conclusions

This study revealed morphological characteristics and patterns of
meander-bend changes for two highly convoluted meandering reaches
developed in the ZoigeBasinwithin theQinghai-Tibet Plateau, thehighest
plateau in the world. These meandering channels were largely undis-
turbed, providing an opportunity for examining meander morphology
and changes controlled by natural fluvial processes. We found that both
the Black River and the White River exhibited a tendency of complex
planform structures that favored the development of compound bends.
This tendency was especially obvious in the Black River with its com-
pound bends accounting for more than one third of total bends. Further-
more, the studied reach of the Black River exhibited relatively slow bend
migration and fewer cutoffs than that of the White River, which may be
explained by its considerably smaller stream power.

Analysis of bend morphological changes and morphodynamic pat-
terns in the two studied reaches demonstrated that extension, transla-
tion, and their combination were the dominant modes of bend
change. However, bends that changed by translation tended to migrate
at faster rates than those changed by extension. Both reaches had
greater areas of deposition than erosion, although both exhibited a tran-
sition from an erosion-dominated pattern in the upstream portion into
a deposition-dominated pattern in the downstream portion. The rela-
tion betweenbend curvature andmigration rates revealed a similar pat-
tern to that of manymeandering rivers in other regions, highlighting an
envelope curve that shows a peaked migration rate for bends with me-
dium curvatures, commonly between two and three. However, the av-
erage migration rates calculated for each class interval of bend
curvature showed a quasi-monotonic relationship with bend curvature.
Thus, the frequency of bendswith similar curvature but differentmigra-
tion rates may alter this envelope relationship, suggesting the complex
responses of bend migration to bend planform morphology. The com-
parison of migration rates with other meandering rivers worldwide
showed that the Black and the White rivers were at the higher end of
a spectrum of meandering rivers in the world with regards to the com-
plexity of river planform structure. Our results provided new insights
into developing complete theories for explaining and predicting bend
migration and meander evolution.
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