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Abstract: The main flow migration in the middle Yangtze River occurs in most river sections and
is affected by factors such as incoming water and sediment, riverbed boundaries, and channel
shapes, leading to a complex riverbed evolution. Revealing the controlling factors and analyzing the
developmental trends are important for addressing the adverse ecological impacts caused by these
changes. Based on a large amount of observational data since the impoundment of the Three Gorges
Reservoir, the characteristics of the main flow migration in the middle Yangtze River under different
flow conditions were analyzed, and its correlation with the nodes and bars at the inlet, the plane
shape of the river, and riverbed morphology were determined to identify the key controlling factors.
The results showed that it is characterized by the displacement of the main flow zone during the
middle-flow period. The key factors controlling the main flow migration include the deflecting action
of the nodes and sidebars at the inlet, relaxation of the channel plane shape, and resistance difference
caused by the riverbed morphology between the branches. The trend analysis suggests that the main
flow migration in the middle Yangtze River may become more frequent after the operation of the
cascade reservoirs in the future and may threaten the ecological environment.

Keywords: main flow migration; cascade reservoirs; Three Gorges Reservoir; middle Yangtze River;
branching river; meandering river; straight river; side and middle bars; riverbed morphology;
middle flow

1. Introduction

Main flow migration is a typical manifestation of the change in the hydrodynamic
characteristics of alluvial plain rivers. Its impact is complex and huge, not only changing the
characteristics of water and sediment transport in local river sections but also causing the
adjustment of local river regimes, such as the displacement of primary and secondary river
branches, deformation of sand bars [1], erosion and collapse of bank slopes [2], water and
soil loss, and damage to quays, bridges, embankments, and other wading architectures [3].
Violent main flow migration can also eventually lead to river-type transformation [4].
Therefore, flow migration has been a focal research topic in river geomorphology and
dynamics. In recent years, with the acceleration of human development and the increased
utilization of river functions, large-scale reservoirs have been built on many rivers. While
these reservoirs promote profits, they also dramatically change the incoming water and
sediment conditions in downstream reaches. In particular, the construction of cascade
reservoirs acutely changes the water and sediment conditions of the reaches downstream
of the dams [5], resulting in a wide range of drastic adjustments in the downstream
riverbed [6-10]. Among these, the main flow migration, which is an important hydrody-
namic change phenomenon, and its characteristics, laws, and controlling factors have also
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changed [11-15], causing a series of caveats regarding flood control [16], shipping [17],
water resources, and water ecology [18] among other aspects. Therefore, it is of great sig-
nificance to investigate the main flow migration under the influence of cascade reservoirs
to optimize reservoir operation and reduce the negative impact of changes in water and
sediment conditions.

Current research on the main flow migration has mainly focused on the influence of
changes in flow and sediment conditions, with less focus on those brought about by the
physical boundary conditions of river channels. For example, certain studies have shown
that climate and sediment regimes, as well as recent flooding, play key roles in the response
of the width pattern and vegetation recovery of braided rivers [19]. It is believed that the
change in the scale of the braided river reach is closely related to the average discharge and
sediment input during the previous five years [20]. The application of numerical modeling
of braided river morphodynamics indicates that the first challenge is the representation
of flow processes and sediment transport [21]. In alluvial rivers, a higher peak discharge
is thought to be an important factor affecting the development of pools and bars [22]. It
is also well established that the river width—depth ratio contributes to the formation of
alluvial bars [23-25]. Sediment transport and supply were found to have a good correlation
with river morphology and meandering [26,27]. After the construction of the reservoir, the
gradual collapse and retreat of the convex bank of the bend caused the main channel to
gradually migrate towards the convex bank after the sediment concentration decreased [28].
However, a reduction in sediment input changes the evolutionary trend of siltation and
shrinkage in the main channel, which is conducive to the stability of the main flow [29-31].
This effect was validated using numerical simulations [32]. The results of the physical
model experiment showed that a substantial reduction in the flood frequency of the river
flow after dam construction caused the river to gradually develop from meandering to
straight [33]. In addition to water and sediment conditions, vegetation is also considered
an important factor affecting sediment transport and the morphological development of
river channels [34,35]. The latter has also been noted to promote meandering and alter the
meander scale in numerical simulations of river meandering. Stable meandering rivers
often form in rainforests [36]. Other factors, such as human activities [37,38], differences in
the composition of embankments on both banks [39-43], and the slope of river basins or
river beds, also have an important impact on river morphology [44,45]. These studies have
made substantial progress in revealing the response of the main flow migration to changes
in water and sediment conditions. However, most studies have overlooked the physical
boundary conditions of watercourses such as riverbank, planar, and riverbed morphologies.
The physical boundary is the carrier of the water flow, and any change in the water flow is
controlled by a certain physical boundary. Therefore, further analysis of the controlling
role of the physical boundary in main flow migration is necessary to accurately grasp its
trend under changing conditions.

The middle Yangtze River, a typical alluvial plain river, exhibits the obvious phe-
nomenon of main flow migration. In recent decades, dozens of cascade reservoirs have
been built on the main tributaries of the upper Yangtze River, and their joint operation has
had a profound impact on water and sediment processes. As an important form of flow
regime change, the main flow migration also changed significantly under various river
boundary conditions combined with changes in water and sediment conditions. This will
have a significant impact on riverbed evolution and the aquatic ecological environment
in this reach. Using the middle Yangtze River as an example, this study first summarizes
the characteristics of the main flow migration, analyses its internal essence, and reveals
the key controlling factors in various river types. Subsequently, the developmental trends
under the influence of cascade reservoirs and their significance in the aquatic ecological
environment are discussed. The results further deepen our understanding of the evolution-
ary characteristics of the river course in the middle Yangtze River under the influence of
cascade reservoirs to provide support for optimizing reservoir operations, improving the
comprehensive management level of the river course, and ensuring ecological security.
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2. Materials and Methods
2.1. Study Area

The middle Yangtze River (Yichang to Hukou) is approximately 955 km long and has
a relatively large river width, generally greater than 2000 m (Figure 1). Many control nodes
in the river regime are unevenly distributed on both banks of this reach. The existence of
these control nodes causes the entire river plane to take on the appearance of a lotus. Some
well-known nodes are shown in Figure 1b. There are many types of channels in the study
area, including straight, branching, and meandering channels. In these reaches, when the
upstream inflow conditions change, the main flow migrates from one side to another, from
one branch to another, or from the curved to the straight side. Typical river sections with
nodes selected from the focal study area are shown in Figure 1c—k. The Taipingkou reach
is a typical straight river section (Figure 1c) with a middle bar distributed throughout the
relaxed section. The Wakouzi (Figure 1d), Majiazui (Figure 1e), Ouchikou (Figure 1f), Jianli
(Figure 1h), Jiayu (Figure 1j), and Huguang (Figure 1k) reaches comprise branching river
sections divided into two or more branches by middle bars. Tiaoguan (Figure 1g) and
Tiepu (Figure 1i) comprise meandering channels where the sidebars are located. The side
or middle bars in these river sections are usually induced by changes in the river width.

2.2. Data

Topographic and hydrological survey data were used in this study. There are two
types of topographic data: cross-sectional data expressed in the form of distance from
the starting point (elevation) and plane data composed of the measured elevation points
(the mapping scale is 1:10,000). These data were obtained primarily from the Bureau of
Hydrology of the Changjiang Water Resources Commission.

The hydrological survey data included the water level, flow discharge, and vertical
averaged velocity, mainly from the Changjiang Waterway Institute of Planning and De-
sign. Before the hydrometric measurements, cross-sectional topography measurements
were conducted, based on which vertical lines were laid out. The number of vertical
lines is determined based on the width of the water surface. Below 500 m, 4-5 vertical
lines were established; they were increased to 5-10 when the river width was between
500-1000 m. Above 1000 m, 10-15 vertical lines were established. The flow velocity was
measured using an acoustic Doppler current profiler (ADCP), according to previously
described specifications [46].

The details of each type of data are shown in Table 1.

Table 1. Details of the data.

Name

Units Time Types Sources

Cross section data

Distance from the
m 2009-2015 starting point

and elevation Bureau of Hydrology,
Changjiang Water
2008, 2011 Beijing 54 Resources Commission
Topography data m 201 6, 201 8’ Coordinate System,
’ scale of 1:10,000)
Hydrological Water level m 2001, 2007, 2009, Changjiang Waterway
survey Flow discharge m3/s 2010, 2012, Numerical value Institute of Planning

data

Vertical-averaged velocity m/s 2014, 2015 and Design
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Figure 1. Study Area: (a) Yangtze River Basin; (b) Middle Yangtze River; (c) Taipingkou reach;
(d) Wakouzi reach; (e) Majiazui reach; (f) Ouchikou reach; (g) Tiaoguan reach; (h) Jianli reach;
(i) Tiepu reach; (j) Jiayu reach; (k) Huguang reach.
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2.3. Methods

To analyse the main controlling factors affecting the main flow migration, this study
defined coefficients to establish the correlation between the main flow migration character-
istics and controlling factors.

2.3.1. Influence Coefficient

Nodes generally consist of rocky or alluvial deposits or artificial revetments on both
banks that do not erode easily and have a significant moderating effect on river regime
changes in wandering rivers [47]. The strength of its action on the flow can be measured
by the width-to-depth ratio of the cross-section, length, and scouring resistance of the
riverbank composition [48]. Generally, scoured pools exist near nodes that cannot be
scoured on the banks, the depth of which reflects the control effect of the nodes on the main
flow. This study defines two methods for calculating the relative depth (D) of scoured
pools. For a node on only one bank, D; is defined as

Dr = Zp /Zb,dry,avg (1)

where Z), is the depth of the scoured pool and Z 4 4 is the average riverbed elevation
under dry low-flow conditions.
For the nodes on both banks, D, is defined as follows:

D, = Zp/min/Zp/max (2)

where Zy,,,i, and Zy,may are the smallest and largest depths of the scoured pools near the
two nodes, respectively.

The larger the D,, the stronger the deflecting action of the node. In addition, the
strength of the node-deflection effect and its impact on the downstream river regime are
separate concepts. The latter should also consider the node length (L,;) and distance (L)
from the node to the downstream diversion point of the branching rivers. L, refers to the
projection length of the node in the direction of water flow during the middle water flow
period. For a straight river, L is the distance from the node to the section with the largest
width. This study defines the relative length (L,) to reflect the magnitude of this impact.

L,=L,/Ly 3)
Therefore, the influence coefficient (k;) of the node is defined as follows:
ki=D; x L, 4)

In Equation (4), the first term is the relative depth of the node, which reflects its
absolute deflection effect. The second term refers to the relative length of the node. The
combination of these two factors reflects the impact of a node on the river regime.

2.3.2. Deflecting Coefficient

The bifurcation coefficient of a branching river is the ratio of the total length of all
branches to the length of the main branch [49]. The larger the value, the more branched
the river section, and the more dispersed the flow. Similarly, the longer the length of the
branch influenced by the node, the stronger the deflection effect of the node. The deflection
coefficient (k;) in this study was defined as follows:

kd = Lh,max /Lb,min (5)

In Equation (5), Ly jax is the maximum length of the branch on the deflecting side, and
Ly min is the minimum length of the branch on the non-deflecting side.

Node deflection is closely related to the development of a branched river. At the
beginning of formation, the main characteristic of a branching river is the continuous
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bending and development of the branch, influenced by the deflection action of the node;
that is, k; increases.

2.3.3. Shape Coefficient

The main parameters that characterize the planar morphological characteristics of
the side bar include the perimeter, area, length, and width [50]. In this study, the shape
coefficient of the sidebar (k) was defined as follows:

Ksp = (Ws,max/ Wh) X (Zs,avg/zb,max) (6)

where Ws pay is the maximum width of the sidebar, W, is the width at which a node is
located, Zs avq is the average elevation of the sidebar, and Z; ,,,, is the average elevation
of the riverbed where the sidebar is located. The ratio of the two reflects the scale of the
sidebar in terms of the riverbed morphology.

2.3.4. Riverbed Morphology Coefficient

According to Manning’s formula [51,52], the velocity ratios of the main and secondary
branches can be expressed as follows:

Vin/ Vs = (/1) % (H/H)*'> % (/) @)

where V is the flow velocity,  is the roughness, H is the water depth, | is the water surface
gradient, and m and s represent the main and secondary branches, respectively. The
variation range of the roughness in the main and secondary branches is usually small [48],
that ng, n,, = 1. The water surface gradient can be expressed as:

J=AWS/L 8)

Because the water surface of the main and secondary branches at the diversion and
confluence points are the same, the water level difference (AWS) will also be the same in
both branches. Then, (J,,/];) is:

]m/]s=LS/Lm (9)

Water depth H can be expressed as the difference between the average water surface
(WS) and riverbed elevation Z (H,, /Hs):

Hy/Hs = (WS — Z) /(WS — Zs) (10)
By combining Formulas (9) and (10), Formula (7) can be rewritten as:
Vin/ Vs = [(WS = Zu) /(WS — Z)PP/® x (Ls/Lm)"/? (11)

Formula (11) shows that the flow velocity constrained by the riverbed morphology
decreased with an increase in the elevation and length of the branch. Considering this and
to simplify the calculation, the riverbed morphology coefficient in this study is defined
as follows:

kym =(Zs < Ls)/(Zy, X L) (12)

The larger the k;;, the higher the riverbed elevation, the longer the distance in the
secondary branch, the greater its resistance, and the less likely the main flow is to migrate
from the main branch to the secondary branch.

2.3.5. Data Processing and Research Process

After defining the above coefficients, a process diagram was designed to conduct
the analysis, as shown in Figure 2. Different coefficient values were obtained using this
diagram. After establishing the correlation between various coefficients, the key factors
controlling the main flow migration were analyzed.



Land 2023, 12,975

7 of 18

Case 1: node on

L one bankside | |
Determination of ! —
—»  scoured pool
area Case 2: nodes on
both bank sides
o -
Quantification of
—»
node scale
o
Determination of
T . PR Lh,”?ﬂ)(
opography | relative position P
data "| betweenbranch > d
Determination of
relative position
between side bar > ks
and node Zs,avg/ Zb,mux
Determination of
. ,Z
main and -
secondary > ke

Figure 2. Tree of data processing and research process.

3. Results
3.1. Characteristics of Main Flow Migration

As observed in the middle Yangtze River, the paths of the high, middle, and low
flows were the same when the river width was small. In contrast, the river width of the
middle Yangtze River is generally large, as mentioned above; therefore, the main flow and
maximum flow velocity in most river sections oscillate with flow discharge. However,
even in a reach where the main flow migration phenomenon was evident, the interannual
position under the same flow discharge was generally relatively stable. During the dry
season, this was consistent with the trend of pools or thalwegs, which are the deepest
parts of the cross-sectional topography. During the flood season, the flow was straight and
overflowed the sidebars. The migration of the main flow generally starts under a certain
middle-flow discharge and gradually migrates away from the pools or thalwegs as the flow
discharge increases. The main flow migration characteristics of the typical reaches of the
middle Yangtze River during different periods of the year are as follows.

3.1.1. Low-Flow Period

During the low-flow period, which usually occurs in the dry season, the suction of
pools across almost all types of rivers makes the main flow paths and thalwegs consistent
with each other. Taking the Jingjiang reach (Zhicheng to Chenglingji) as an example, the
distance between the main flow and the thalweg in the dry season usually varies within
a small range, both in the wide-shallow and narrow-deep sections. A large amount of
observational data from the Taipingkou, Wakouzi, Majiazui, Ouchikou, Jianli, Tiepu, and
other river sections in the Jingjiang reach show that the distance between the main flow
and the thalweg is more than 86% within 200 m and more than 75% within 150 m (Figure 3).
The main flow is stable in the main channel during the dry season, which is consistent with
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the thalweg trend. Therefore, thalwegs are often used to represent the trend in the main
flow of rivers during the dry season.

3 900 - Taipingkou, meandering m Taipingkou, straight
3 . Wakouzi, transition between bends ~ x Majiazui, transition between bends
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< g .. .
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s g .
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Figure 3. Distance between the main flow and the thalweg in Jingjiang reach during the
low-flow period.

3.1.2. Middle-Flow Period

During the middle-flow period, the amplitude of the main flow migration in the wide-
shallow and narrow-deep reaches began to differ. The cross-section of the wide-shallow
reach usually has no obvious thalweg but a flat riverbed perpendicular to the direction of
water flow, referred to as a “U” shape, as shown in Figure 4a. When there is an obvious
thalweg in the section, it is termed a “V”-shaped section, as shown in Figure 4b. The
“V”-shaped section often has steep bank slopes near the thalweg. When there are two
thalwegs on the section, the shape of the section looks like a “W”, as shown in Figure 4c,d.
In a “W”-shaped section, the riverbed elevation between two deep valleys is often higher.

Water surface

y (b)

(d)

Figure 4. Schematic diagram of different cross-sectional shapes: (a) “U” shape; (b) “V” shape; (c) “W”

shape with an emersed sand bar; (d) “W” shape with a submarined sand bar.

For the wide-shallow sections, the main flow deviated from the thalweg (Figure 5),
whereas for the narrow-deep sections, the main flow remained near the thalweg (Figure 6).
In this period, when the river width is small or the section is of a “V” type, the amplitude of
the main flow migration is limited, which is almost consistent with the main flow position
during the low-flow period, that is, it is located in the main channel. For example, the
positions of the main flow in the middle- and low-flow periods are almost identical in
the Tiaoguan reach (Figure 7a). When the river width is large or the section is “U” or
“W” shaped, the amplitude of the main flow migration increases significantly. Taking the
“U”-shaped section in the Tiepu reach as an example, the thalweg or pool was not evident,
and the position of the main flow in the middle- and low-flow periods was inconsistent
(Figure 7b). The main reason for this phenomenon is that, with an increase in the flow
discharge, the inertia of the flow increases and the restriction of the deep pool on the main
flow is weakened. This is particularly true for sections where the thalweg is not obvious.
The position of the main flow usually changes significantly during the middle-flow period,
indicating an obvious migration of the main flow.
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Figure 5. Distance between the main flow and the thalweg for the reach with river width greater than
1200 m in Jingjiang reach during the middle-flow period.
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Figure 6. Distance between the main flow and the thalweg for the reach with river width less than
1200 m in Jingjiang reach during the middle-flow period.
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Figure 7. Main flow migration during the middle-flow period: (a) V-shaped section in Tiaoguan
reach; (b) U-shaped section in Tiepu reach.
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3.1.3. High-Flow Period

The main flow direction in the high-flow period was mainly affected by the plane
shape and the deflection effect of nodes at the inlet. The main flow line of a meandering
river in the middle Yangtze River generally deviates from the deep pool on the side of
the concave bank to the middle and lower bars on the side of the convex bank with an
increase in flow discharge. For a branching river, the main flow generally deviates from
the main to the secondary branch at high water levels. This change in the main flow
maintained the stability of the branching river and ensured that the secondary branch
did not shrink. However, under special hydrological conditions, changes in the main
flow cause alterations between the main and secondary branches. For example, in the
straight section of the Taipingkou branching reach, the main flow is located in the main
branch when the flow is small and starts to migrate to the secondary branch when the
flow discharge gradually increases and exceeds 20,000 m®/s (Figure 8a). The main flow
of the slightly curved branching section of the Majiazui reach also tended to migrate after
the flow discharge exceeds 27,000 m? /s (Figure 8b). After the impoundment of the Three
Gorges Reservoir, the splitting ratio of the secondary branches in the two reaches increased
significantly. The main branch of the former finally shifted [53], and the latter did not
result from the implementation of the restriction project in the secondary branch, which
controlled a further increase in the splitting ratio.

—o— Low flow in 2007 —=—Middle flow in 2010 —o—Low flow in 2014 —@— Middle flow in 2001
——High flow in 2009 Riverbed in 2011 —<—High flow in 2002 Riverbed in 2011
2 25 60
L 58 .
) £ = E
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= L 48 é £ 1.5 4 é
E - 38 s <2 05 1 o)
205 1 o > - 302
2 Secondar Main | z )
[ 0 Y. L 08 .02» 5—0,5 4 Secondary Middle bar “yMain L 0 .eé
Middle bar ~ R
-05 , , , 18 15 . . 10
0 500 1000 1500 2000 0 1000 2000 3000
Distance from the bank (m) Distance from the bank (m)
(a) (b)

Figure 8. Main flow migration during high flow: (a) Taipingkou reach; (b) Majiazui reach.

3.2. Controlling Factors of Main Flow Migration

The flow momentum of the middle Yangtze River during the flood season was rel-
atively large. For the reach with a relatively stable plane shape, the position of the main
flow during the high-flow period showed little change between the years. In the low-flow
season, the flow momentum is small and subjected to the riverbed shape, and the main
flow path and channel pool or thalweg trends are consistent with each other. Therefore, the
main flow migration in the middle Yangtze River was essentially a change in the main flow
position during the middle-flow period. Compared with the high- and low-flow periods,
the factors controlling the main flow migration during the middle-flow period are more
complex, mainly including nodes and sidebars with a controlling function at the inlet, the
plane shape of the river, and riverbed morphology.

3.2.1. Nodes and Bars at the Inlet

If there are nodes on one or both bank sides at the inlet of a reach, or if there is a sidebar
with a controlling function, it will lead to a sudden increase or decrease in the deflecting or
diversion effect under a certain flow discharge [3], thereby changing the direction of the
main flow at the inlet.
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Figure 9 shows the relationship between the influence coefficient (k;) and deflection
coefficient (k;) of the nodes in the branching rivers. A clear linear correlation is observed
between the two coefficients (R? = 0.93). The larger the influence coefficient, the larger the
deflection coefficient, indicating a stronger impact on the branch into which the deflected
water flows. This enhances the effect of the main flow migration.
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Figure 9. Relationship between the influence and deflecting coefficient of the nodes in
branching rivers.

Although many of the reaches downstream of the controlling nodes with strong
deflecting actions did not form a branching river, they still exhibited some obvious charac-
teristics. First, the channel relaxed; however, the degree of relaxation was lower than that
of the branching channel. Second, there are generally relatively stable sidebars on the same
bank of the node in the downstream reach, such as the Huxian sidebar downstream of the
Shijitou node in the Jiayu reach (Figure 1j), the sidebar downstream of the Zhaojiaji node
in the Huguang reach (Figure 1k), and the bar beside the right bank downstream of the
Xisaishan node. Both these characteristics are related to the deflection actions of the nodes.

First, the shoreline of the downstream bank influenced by the deflecting action col-
lapses and the river course widens; second, after the water flow is carried to the opposite
bank, the downstream riverbank on the same side as the node is located in the slow flow
area, and the sediment is easily deposited. A sidebar is formed after a certain period. For a
channel with a stable node, the sidebar scale is relatively stable. Therefore, the deflection
of the node can be considered to be related to the river width and scale of the sidebar
downstream of the node (represented by the shape coefficient k). Figure 10 shows the
relationship between k; and k. From this, it can be seen that the two coefficients are
positively correlated; that is, the stronger the deflecting effect of the node, the greater the
widening degree of the downstream channel and the size of the sidebar on the same bank.
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Figure 10. Relationship between the influence and shape coefficient in straight rivers with a side bar.
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The deflecting action on the main flow migration was related to the shape of the
sidebar body. The greater the width of the body perpendicular to the flow direction, the
stronger the deflecting action on the main flow, and the greater the migration degree of the
main flow, indicating that a thalweg is more inclined to be situated on the opposite side of
the sidebar body. When the width was overdeveloped, it was easily cut, after which the
main flow migrated from one side to the other. Figure 11 shows the relationship between
the relative position of the thalweg (ratio of the distance from the thalweg to the sidebar
and the opposite bank) and the relative length of the sidebar (aspect ratio). There is good
correspondence between the two. The shorter and wider the sidebar shape, the farther
the thalweg was from the bar, and the closer the main flow was to the opposite bank. The
longer and narrower the shape, the closer the thalweg was to the bar.

1.2

o
(0]
1

y =022 x-0.20
R2=091

the opposite bank
o
(@)Y

<
~
1

Ratio between the distance from
the thalweg to the side bar and to

o
o

3.5 4 4.5 5 5.5 6
Aspectratio of the side bar

N
[6)}
w

Figure 11. Relationship between the relative position of thalweg and the aspect ratio of the side bar.

3.2.2. Plane Shape of the River

The impact of the plane shape of the river was most intuitive in curved and relaxed
river sections. The relaxation of the river channel provides space for the migration of the
main flow, which causes the flow in the bend reach to follow the law of “taking straight
during high flow and turning with small flow”.

In general, the change in the plane shape of a river channel is explained by the rate
of change in the river width and curvature. As mentioned previously, the migration of
the main flow has certain requirements for the channel width. This occurred only when
the channel width reached a certain threshold. The greater the degree of relaxation, the
more evident the amplitude and frequency of the main flow migration. Therefore, channel
relaxation is a prerequisite for the main flow migration.

River curvature is another factor that affects main flow migration. In a tank experiment,
it was found that the velocity in a rectangular channel was uniformly distributed, whereas
the longitudinal velocity in the curve was often different for the concave and convex
banks [48]. In the meandering reaches of the middle Yangtze River, when the controlling
function of the upstream regime is weak or the transition section between the bends is long,
the phenomenon of leaning towards the convex bank in high flow and moving towards
the concave bank in low flow becomes more obvious. Therefore, the migration of the main
flow in the curved river section can also be considered a change in the bending radius of
the hydrodynamic axis [53]. This is restricted by the bend shape (including the bend radius
and section width-to-depth ratio). Conversely, it is related to the flow momentum. If the
momentum is large, the inertial effect and the ability to overcome the constraints of the
river bend are strong, and the main flow is easier to straighten. By contrast, it is easy to
take turns.

Figure 12 shows the relationship between the bending radius of the hydrodynamic
axis and the flow discharge with different river regime control functions in the reaches of
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Jianli and Shashi. The Jianli reach has a longer transition section with a stronger upstream
control effect and a larger curvature. The bending characteristics in the Jianli reach are more
evident. With the increase in the flow discharge in the middle- and low-flow seasons, the
changing range and speed of the bending radius of the main flow line were small. When
the flow rate was increased further, the latter characteristics increased significantly. This
also shows that the position of the main flow in the dry season is relatively stable and that
the large migration of the main flow should begin at a larger flow discharge.
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Figure 12. Relationship between the bending radius of the hydrodynamic axis and the flow discharge:
(a) Jianli reach; (b) Shashi reach.

3.2.3. Riverbed Morphology

Subject to the riverbed morphology, the resistance of different branches in the branch-
ing reach is often different. For a long-term stable branching reach, the resistance of the
secondary branch is generally greater than that of the main branch. With an increase in the
flow discharge, the ability of the flow to overcome the resistance of the riverbed becomes
increasingly stronger, leading to a larger diversion ratio for the secondary branch, as shown
in Figure 13. Consequently, the main flow may have migrated from the main branch to the
secondary branch.
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Figure 13. Relationship between the flow discharge and diversion of the secondary branch in
branching reaches.

The riverbed morphology coefficients (k;;) of the three branching reaches of the
Jingjiang Reach (Shashi, Wakouzi, and Majiazui) are listed in Table 2. It can be observed
that the largest is in the Shashi reach, where the main flow migration is the most prominent.
This indicated that the main flow migration in the branching reach was related to the
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morphology of the riverbed. The higher the elevation and the longer the branch reach, the
more stable the main flow, indicating a lower probability of main flow migration.

Table 2. Riverbed morphology coefficients (k) in Jingjiang reach.

Shashi Reach Wakouzi Reach Majiazui Reach
0.91 1.66 1.13

Analogous to a single river section, meandering or straight, the influence of riverbed
morphology on the main flow migration is mainly reflected by the elevation difference
between the bars and pools. The length of the convex bank is smaller than that of the
concave bank. Moreover, the elevation of the sidebar on the side of the convex bank was
higher than that of the pool. Consequently, the main flow became more stable. For the
straight reach, the lengths of both banks barely differed; however, the greater the ratio of
the sidebar elevation to the pool, the more stable the main flow. Conversely, the main flow
migrates easily.

4. Discussion
4.1. Main Findings, Comparison, and Limitations

Based on abundant hydrological and topographic observational data, this study ana-
lyzed the characteristics and controlling factors of the main flow migration in the middle
Yangtze River after the impoundment of the Three Gorges Reservoir. We showed that the
displacement of the main flow zone under middle-flow discharge characterises the main
flow migration in the study area, the causes of which include the deflecting action of the
node or bar at the inlet, relaxation of the river plane shape, and differences in the resistance
effect owing to the riverbed morphology between the branches.

These results were consistent with those of previous studies. For example, some
studies have suggested that bars are widespread in meandering rivers and play an impor-
tant role in the formation of river patterns [54,55]. A study focusing on a large sand-bed
braided river showed that changes in the riverbed morphology had a positive impact on
the confluence [56]. For branching rivers, the resistance changes in the branches lead to
the deflection of the main flow [57], and the ratio of the lengths of the two branches plays
an important role in the transposition of the main branch [58]. In addition, valley width
plays a key role in determining the degree of braiding, active channel width, and channel
activity [59]. Compared to these previous studies, the present study focused more on the
influence of the physical boundary of the river reach, which can enrich our understanding
of the main flow migration mechanism. Combined with the comprehensive impact of water
and sediment conditions and the physical boundaries of the river channel, it would be
helpful to predict the trend of the main flow migration in the middle Yangtze River more
accurately in the future.

Although this study collected a certain amount of topographic and hydrological
survey data and established correlations between the key controlling factors of main flow
migration, it is worth noting that the current data quantity remains at a certain distance from
that required to obtain a more universal correlation. For large natural river channels, such as
the Yangtze River, large-scale and high-frequency topographic and hydrological survey data
observations require significant human, material, and financial resources. Therefore, further
studies should be conducted using flume experiments. Flume experiments can provide
diverse hydrological and river boundaries, and more universal and convincing results can
be obtained by using more experimental data under multiple operating conditions.

4.2. Future Work and Policy Recommendation

As of 2020, 112 large reservoirs are operating on the Yangtze River and its tributaries,
and another six large reservoirs are under construction or planned [60]. This implies that
the middle Yangtze River will continue to face long-term changes in water and sediment
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conditions. First, the peak flow influenced by the operation of the cascade reservoirs was
reduced, and the duration of the middle flow was extended [61], which led to more frequent
main flow migration. Second, after the impoundment of the Three Gorges Reservoir, the
river channel, whether a deep pool or low sand bar, was in a state of scouring [62]. The
deflecting action of the nodes is enhanced, and on the other hand, the low sand bar
scouring causes the middle flow channel to be further widened, both of which will ease
main flow migration. Although the plane shape is subjected to revetment work, bank
collapse in the middle of the Yangtze River has occasionally occurred in recent years [63],
and secondary branch erosion has developed in some branching rivers [64,65]. Therefore,
under the conditions of cascade reservoir operation in the future, both the water and
sediment conditions and the physical boundary of the river channel may further promote
the main flow migration in the Yangtze River.

The impact of main flow migration on the ecological environment is not only reflected
in the changes in the habitat characteristics of aquatic organisms, such as water flow,
nutrients, temperature, and substrate, but also in the changes in mating, breeding, growth,
and other processes. In addition, as a continuous water body, the change in the river
network composed of branches owing to the main flow migration also has an impact on
the diversity of aquatic organisms [66]. Therefore, the impact of the development trend
of main flow migration on the aquatic ecological environment is noteworthy. Research
has shown that the bending of a river can enhance the persistence of species [67], but a
naturally continuously bent river cannot provide a stable living environment for fish [68].
Highly branched rivers have high habitat heterogeneity [69], and fish must choose their
route at each junction in the branch during diffusion or movement [70]. Therefore, more
frequent main flow migration in the middle Yangtze River in the future is bound to pose a
threat to the living environments of aquatic organisms. Consequently, by integrating the
future water and sediment conditions and river boundary changes that drive the main
flow migration, it is recommended that appropriate governance measures be developed to
stabilize the main flow path during middle-flow discharge to avoid ecological disasters
after the operation of the cascade reservoirs.

5. Conclusions

This study aimed to reveal the characteristics and key factors controlling the migration
of the main flow in the middle Yangtze River. Based on topographic and hydrological
survey data, this study analyzed the characteristics of main flow migration under dif-
ferent hydrological conditions and established correlations between its key controlling
factors. The results indicated that the main flow was almost consistent with that of the
deep pool under low-flow discharge and tended to be straight during the high-flow pe-
riod. This is further characterized by the displacement of the main flow zone under a
middle-flow discharge.

During the middle-flow period, the main flow migration is mainly affected by three
factors: the deflecting action of the node or sand bar with controllable conductivity at
the inlet, which changes the main flow direction; the relaxed plane shape of the river
channel which, provides space for migration; and the resistance difference caused by the
riverbed morphology between the branches which, drives the transposition of the main
and secondary branches.

Under the influence of the operation of cascade reservoirs in the future, the flow
process in the middle Yangtze River will be further flattened and the duration of the middle
flow will be extended. The results of this study imply that the migration of the main flow
is further promoted, thereby affecting the aquatic ecological environment. Governance
measures for stabilising the main flow should be implemented to avoid ecological disasters
in combination with changes in water, sediment, and river boundary conditions.

Compared with the current research, which focuses more on the influence of water
and sediment conditions, this study supplements the influence of the physical boundary
conditions of river channels on main flow migration. For further research, flume experi-
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ments should be conducted to obtain more data under various hydrological and physical
river boundary conditions.
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