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System-Wide Effects of Local Bed Disturbance on the
Morphological Evolution of a Bifurcating Channel Network

Weilun Gao' 2, Dongdong Shao® ), Zheng Bing Wang>* (0, Zhenchang Zhu'*, and Zhifeng Yang'*

'Guangdong Provincial Key Laboratory of Water Quality Improvement and Ecological Restoration for Watersheds, School
of Ecology, Environment and Resources, Guangdong University of Technology, Guangzhou, China, *State Key Laboratory
of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing, China, *Faculty of Civil
Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands, 4Dclta.rcs, Delft, The Netherlands,
3Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China

Abstract Deltaic channel networks are important conduits for water and material supplies to the fluvial and
coastal communities. However, increasing human interventions in river deltas have altered the topology and
geometry of channel networks as well as their long-term evolution. While the morphological evolution of a
single channel has received extensive studies, the system-wide morphological responses of channel networks to
local disturbances remain largely unclear. Here we investigate the morphological responses of a bifurcating
channel network subject to local disturbance of channel deepening due to dredging and sand mining through
idealized simulations, and further compare the results with the reference scenarios of a single channel and
theoretical analysis of the phase plane. The results show that the infilling of the local deepening is associated
with the erosion of the entire branch, which also causes system-wide effects on the siltation of the other branch.
The morphological responses of the bifurcating channel network consist of a relatively short stage for the
infilling of the local deepening followed by a relatively long stage for recovering the equilibrium configuration
of the river bifurcation. The system-wide effects of the local disturbance arise from the altered water surface
slope and water partitioning downstream of the bifurcation due to the local deepening. Also, the prolonged
recovery of the equilibrium configuration is consistent with theoretical analysis, which reveals a slow evolution
of the bifurcation when approaching the equilibrium. Our results can help understand the long-term
morphological responses of large-scale complex channel networks and inform water managements under
increasing human interventions.

Plain Language Summary River channel networks with multiple interconnected channels are
common in river deltas and are critical for the transport of water, sediment and nutrients to riverine and coastal
wetlands. Intensive human interventions, such as dredging and sand mining, can lead to local disturbance of bed
deepening in the channel networks. However, the system-wide responses of the channel network to such local
disturbances, for example, the morphological changes in neighboring channels as a result of a local deepening in
one channel, remain elusive. In this study, we selected a bifurcating channel network, where the upstream river
channel splits into two branches, as a simple demonstration case of a channel network to address this issue. We
simulated the system-wide responses of the bifurcating channel network to local deepening in one of the
branches through numerical experiments in the Delft3D model. The results showed that the local deepening in
one branch can affect the entire channel network, such as the siltation of the other branch. Moreover, the system-
wide effects on the channel network last much longer than a comparable single channel with the same total
channel width and length. Our results can help inform the restoration and management of channel networks
under increasing human interventions.

1. Introduction

Channel networks form in river deltas mainly due to the formation of river mouth bars, avulsions and levee
breaches (Gao et al., 2018; Jerolmack, 2009; Ke et al., 2019; Konkol et al., 2022). The topology and channel
geometry of channel networks play an important role in distributing water and materials (such as sediments,
nutrients and larvae) in fluvial and coastal wetlands, which is critical for the sustainability of deltaic communities
(Hoitink et al., 2020; Passalacqua & Moodie, 2022). Human activities, such as dredging, sand mining, recla-
mation, and embankment construction, have significantly altered the topology, bed level and channel width of
deltaic channel networks (Cox et al., 2021; Luo et al., 2007; Shaw et al., 2021; van Maren et al., 2023). These
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disturbances further affect the long-term morphological evolution of channel networks (Edmonds et al., 2010;
Jeuken & Wang, 2010; Syvitski & Saito, 2007; van Maren et al., 2023). Therefore, it is critical to understand the
morphological responses of channel networks to human interventions under ever-increasing environmental
changes (Best, 2019; Hoitink et al., 2020; Passalacqua et al., 2021; Wang et al., 2015).

In engineered rivers where the network topology and channel widths are fixed, the responses of river channels to
disturbances are limited to the adjustment of channel slope, water depth, and bed surface texture (Blom,
Arkesteijn, et al., 2017; Chowdhury et al., 2023). In single-thread fluvial channels, their morphological evolution
under disturbances has received extensive attention (Best, 2019; Wohl et al., 2015). With fixed channel width, the
evolution of longitudinal profile of river channel under human interventions or natural changes has become the
main focus (Blom, Arkesteijn, et al., 2017; Gao, Nienhuis, et al., 2020; Wang et al., 2008; Ylla Arbés et al., 2023;
Zheng et al., 2022). This is basically built upon the in-depth understanding of the equilibrium longitudinal profiles
of river channels thus far (Blom et al., 2016; Chang, 1986; Ferrer-Boix et al., 2016; Gao, Li, et al., 2020). The
morphological evolution of the river channel always proceeds toward an equilibrium longitudinal profile (Jansen
et al., 1979), that is, a combination of water depth and slope that can exactly transport the upstream supplied
sediment to the downstream, as initially proposed by Mackin (1948). The question on the responses of river
channels to disturbance lies in the predictions of the path to the equilibrium, such as the timescale for approaching
the equilibrium and the spatial propagation of the disturbance (Blom, Chavarrias, et al., 2017; Doyle & Har-
bor, 2003; Wu et al., 2012).

In a complex channel network consisting of multiple bifurcations and several interconnected channels, the
morphological responses of river channels to disturbances, such as changing river discharges, embankment
construction and dredging activities, have also been explored (Chowdhury et al., 2023; Edmonds et al., 2010; van
Maren et al., 2023). These studies have shown that local disturbance can lead to the morphological responses of
each channel in the network, suggesting a system-wide response of the channel network to local disturbance. The
system-wide response can be heterogeneous, that is, some channels can be silted and closed off while others can
be eroded and expanded. Nonetheless, a close examination of the system-wide responses of complex channel
networks to local disturbances is still elusive. This is largely due to the lack of understanding on equilibrium
configurations of complex channel networks (Kleinhans et al., 2012; Salter et al., 2020).

In deltaic channel networks, river bifurcation is a common morphological feature that splits an upstream channel
into two downstream branches, forming a simple yet basic bifurcating channel network with three interconnected
channels (Figure 1) (Kleinhans et al., 2013). Several equilibrium configurations (the equilibrium water depths and
slopes in each channel) have been recognized for the channel network of a single river bifurcation, indicating
whether two branches remain open in an (a)symmetric configuration or one of the branches closes off (Bolla
Pittaluga et al., 2003, 2015; Edmonds & Slingerland, 2008; Iwantoro et al., 2021; Redolfi et al., 2019; Slingerland
& Smith, 1998; Wang et al., 1995). A symmetric equilibrium configuration indicates that the two branches have
identical channel geometry and river discharges. An asymmetric equilibrium configuration indicates that one of
the branches is deeper and conveys more river discharges (i.e., the dominant branch), and the other branch is
shallower and conveys less river discharges (i.e., the subordinate branch). These findings have been applied to
explain the evolution of river bifurcations under disturbances, such as changing river discharge, dredging, and
chute cutoffs (Edmonds et al., 2010; Jeuken & Wang, 2010; van Dijk et al., 2014).

Previous studies have recognized the mutual interactions between different branches connected to the bifurcation
(Ragno et al., 2022; Salter et al., 2018, 2020). Therefore, the morphological responses of channel networks to
disturbances are highly intricate processes because the propagation of disturbance would change the water and
sediment supplied to each channel via the hydrodynamic and morphodynamic adjustments of the river bi-
furcations (Chowdhury et al., 2023; Kleinhans et al., 2008). The changing water and sediment supplies would
further affect the morphological evolution of each channel (Ragno et al., 2021; Salter et al., 2020). While
extensive studies have focused on the mechanisms leading to different equilibrium configurations of river bi-
furcations (see the reviews in Kleinhans et al. (2013) and Edmonds et al. (2021)), the responses of equilibrium
river bifurcations to disturbance, especially the propagation of the disturbance and its morphological timescale for
recovering the equilibrium, have received limited attention.

In this study, we mainly focus on the local disturbance of the channel deepening caused by dredging or sand
mining (hereinafter termed the “borrow-pit”) (Chen et al., 2010; Eslami et al., 2019; Jeuken & Wang, 2010;
Luo et al., 2007; Yuill et al., 2016), since these activities are pervasive in the world's deltas, such as the
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Figure 1. Examples of bifurcations in river deltas: (a) the Dongjiang Delta (a subdelta of the Pearl River Delta) and (b) the Hanjiang Delta, in Guangdong, China, (c) the
Po River Delta, Italy, and (d) the Bojana River Delta, Montenegro. The schematization of (e) channel network of river bifurcation and (g) a single river channel as well as
their computational domains (panels f, h). See the main text for the definitions of the variables. Satellite images are from the Copernicus Sentinel data (https://dataspace.

copernicus.eu/).

Mississippi-Atchafalaya Delta (Shaw et al., 2021; Yuill et al., 2016), the Pearl River Delta and Yangtze River
Estuary, China (Luo et al., 2007; Wang et al., 2015), the Mekong River Delta, Vietnam (Anthony et al., 2015), and
the Rhine-Meuse Delta, the Netherlands (Cox et al., 2021). For example, the historical sand mining in the deltaic
channels of the Pearl River Delta was up to 7 X 10’ m*/yr during the 1980s—2000s, which was unevenly
distributed in the channel network and has led to the alterations in water partitioning at the bifurcations of the
network (Luo et al., 2007). The dredging activities for navigation have been conducted between 1932 and 1950 in
the lower reach of the Atchafalaya River, which accounted for 35% of the increased river discharge in the
Atchafalaya River through the Mississippi-Atchafalaya bifurcation (Shaw et al., 2021). Understanding the re-
sponses of river bifurcations to local disturbances of dredging and sand mining can provide insights into the
stability and resilience of channel networks and inform their protection and restoration under increasing human
interventions (Cox et al., 2021; Shaw et al., 2021; Wang et al., 2015).
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Figure 2. Different scenarios of local disturbance of channel deepening for the channel network (panels a, b) and the single
channel (panels ¢, d). The dark blue area indicates the locations of the local deepening of the borrow-pits. L,, is the length of
the borrow-pit, L, and L, are the lengths of the two branches (L, = L), and L)’ (=2L,) is the length of the single channel.

In this study, we aim to investigate the spatial propagation of local disturbance of channel deepening in the
bifurcating channel networks and the timescale for recovering the morphological equilibrium. Numerical
simulations were conducted to explore the morphological evolution of the bifurcating channel networks under
different scenarios of local disturbance of channel deepening due to dredging and sand mining. We focused on
channel networks with a single bifurcation in river-dominated deltas where riverine forcing is the main focus.
The effects of tides, waves and salinity on the morphological evolution of channel networks are negligible and
thus not considered. The channel widths are fixed and the adjustments of the river channels of the networks are
through channel depths and bed slopes. The results were compared with the reference scenarios of a single
channel without bifurcation and theoretical analyses of the phase plane. Notably, we focus on the morpho-
logical evolution of the channel network (and the single channel) after the formation of an initial borrow-pit
(Figure 2); therefore, we do not consider the periods during which the borrow-pit is created and the sce-
narios of continuous dredging.

2. Methodology
2.1. Model Setup

In this study, we simulated the morphological evolution of bifurcating channel networks under local disturbances
using the Delft3D model. The results were further compared with those of a single river channel. We used
idealized numerical simulations with schematized geometry and generic modeling parameters to investigate and
quantify the relevant effects. The schematization of the channel networks as well as the single channels and their
computational domains are provided in Figure 1. In this study, we used the two-dimensional depth-averaged
version of the Delft3D model, which solves shallow water equations for the hydrodynamics (see Lesser
et al. (2004) for more details). Hydrodynamics, sediment transport, and morphodynamics are online-coupled.
Notably, since we focus on sand-bed channel networks, the sediment transport formula adopted in this study is
Engelund and Hansen (1967)'s formula, which reads

Q, = B\/Rgdsy’ m(6)" (1)

where Q; is the sediment transport capacity, R (=1.65) is the submerged specific density of sediment, g is
gravitational acceleration, ds, is sediment grain size, m = 0.05 C?/g and n = 2.5 are empirical coefficients, B and 0
are the channel width and Shields stress, respectively.

For the channel network of the river bifurcation (Figure 1e), the upstream channel width (B,) and length (L) are
200 and 3,000 m, respectively. The upstream channel splits into two identical branches with halved width of the
upstream channel (i.e., B; = B, = 100 m) and identical channel lengths L, = L, = 3,000 m. For the single river
channel (Figure 1g), it has the same total channel width and length as the channel network, that is, the channel
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Table 1

The Channel Geometry (B, D, and S,), Boundary Conditions (Upstream River Discharge Q,,, and Sediment Load Q) and Sediment Grain Size (ds,) That Lead to
Different Shields Stress (6,) and Width-To-Depth Ratio (p,) for the Numerical Scenarios in This Study

RunID

Shields
stress 6,

Width-to-
depth
ratio f,

Channel width  Channel depth ~ Bed slope  River discharge Sediment load Sediment grain  Corresponding

B, (m) D, (m) Sy (x107%) 0,0 (m?/s) Q. (X107 m%s)  size ds, (um)  single channel

Bl-1
B1-2
B1-3
B1-4
B1-5
B2-1
B2-2
B2-3
B2-4
B2-5

0.2
0.3
0.5
1.0
1.8
0.2
0.3
0.5
1.0
1.8

25
25
25
25
25
33.33
33.33
33.33
33.33
33.33

200 8 3.05 1,000 2.36 739.82 S1-1
200 3.05 1,000 3.54 493.21 S1-2
200 3.05 1,000 5.91 295.93 S1-3
200 3.05 1,000 11.81 147.96 S1-4
200 3.05 1,000 21.26 82.20 S1-5
200 4.63 800 2.87 841.75 S2-1
200 4.63 800 4.30 561.17 S2-2
200 4.63 800 7.17 336.70 S2-3
200 4.63 800 14.33 168.35 S2-4
200 4.63 800 25.80 93.53 S2-5

A O &N &N O O 0 o ®

width (By') and length (L) are 200 and 6,000 m, respectively. As shown in Figures 1f and 1h, the computational
domain has a cell size of 40 m in the along-channel direction and consists of 22 cells in the cross-channel di-
rection for the upstream channel (and the single channel) and 10 cells in the cross-channel direction of each
bifurcating branch due to the loss of two cells at the bifurcation (see the up-close inset in Figure 1f). As such, the
channel widths of the two branches at the bifurcation gradually widened from 90.9 to 100 m in a length of 4 grid
cells to attain the same total width between the two branches and the upstream channel following Kleinhans
et al. (2008). The same total width results in a constant bed slope between the upstream channel and down-
stream branches and less affects the equilibrium configuration. As a result, the cell size in cross-channel direction
is 9.09 m for the upstream channel (and the single channel) and ranges from 9.09 to 10 m for the two
bifurcating branches.

The computational domains consist of upstream boundaries with constant river discharge and an equilibrium
sediment load with a uniform sediment grain size, as well as downstream boundaries with a constant water level of
the mean sea level (Figures le and 1g). The Chezy coefficient (C) was set to 40 m"%s. In this study,
Ikeda (1982)'s approach for transverse sediment transport driven by bed-slope effects was adopted with a
transverse transport factor a,,,, = 10 following Iwantoro et al. (2020). The computational time step ranges from 0.4
to 0.5 min to ensure the numerical stability and accuracy. The morphological scale factor was adopted in our
model to accelerate the morphological evolution and reduce the computational time for long-term morphological
simulations (Lesser et al., 2004). In this study, the morphological scale factor ranged from 200 to 1,000, which
was varied in different scenarios to avoid intensive in-channel sedimentation in any single computational time
step given the different sediment loads at the upstream boundary (Table 1). A spin-up time of 2,880 min was
adopted in each scenario to attain fully developed hydrodynamic conditions in the channel network before
morphological evolution was allowed. The requirements of a sufficiently small computational time step and
morphological scale factor were tested (see Figure S1 in Supporting Information S1).

2.2. Scenario Design

As shown in Table 1, we varied the upstream river discharge Q,,, (800 or 1,000 m*s), initial water depth Dy, (6 or
8 m), sediment grain size ds, (ranging from 82.20 to 841.75 yum), and channel bed slope S, (3.05 X 107> or
4.63 x 107°) for different scenarios, which are mainly derived from natural river deltas with moderate river
discharges (Caldwell et al., 2019), such as the Dongjiang Delta (a subdelta of the Pearl River Delta) (Wang
etal., 2021) as well as the Hanjiang Delta (Wang et al., 2023) in Guangdong, China and the Po River Delta, Italy
(Syvitski et al., 2005) (see also Figure 1). Further, the combinations of the above model settings were adopted to
result in moderate Shields stress 6, (0.2-1.8) and width-to-depth ratio f, (=By/Dy, 25 or 33.33) of natural river
channels (Bolla Pittaluga et al., 2015; Kleinhans & van den Berg, 2011) that attain either symmetric or asym-
metric equilibrium configurations of the river bifurcation (Iwantoro et al., 2021).
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Figure 3. Equilibrium configurations of the river bifurcations for the numerical simulation scenarios in this study: panels (a,
b) are the asymmetry of river discharge (AQ) and water depth (AD) in the two branches in relation to Shields stress 6, and
width-to-depth ratio S, respectively. Panels (c, d) are the bed levels for representative scenarios of symmetric and
asymmetric bifurcations, and panels (e, f) are the water levels and bed levels along the longitudinal profiles indicated by the
white dashed lines in panels (c, d).

As shown in Figure 3 (see also Figures S3 and S4 in Supporting Information S1), the initially symmetric
bifurcation with a lower bed level by 0.1 or 0.2 m in one of the branches would either recover the symmetric
bifurcation or evolve to an asymmetric one, indicating a symmetric or asymmetric equilibrium configuration for
the river bifurcation, respectively. The results are consistent with previous studies on the equilibrium con-
figurations of river bifurcations (Bolla Pittaluga et al., 2015; Iwantoro et al., 2021), that is, the increases in 6,
and f, tend to result in an asymmetric bifurcation. In reality, the varying €, and ds, can further affect the
equilibrium configurations of river bifurcations as they are critical for the transverse sediment transport at the
bifurcation (Baar et al., 2018). Notably, the consistent symmetric equilibrium configurations for f, = 25 and
the bed ramps at the river bifurcation due to variations of channel width are also reported in the Delft3D
simulations of Edmonds and Slingerland (2008). The simulated equilibrium bed levels with either symmetric or
asymmetric equilibrium configurations of the river bifurcations were adopted for further simulations with local
disturbance of channel deepening (see Figure 2). Notably, in this study, the equilibrium configuration of a
single channel is characterized by a linear longitudinal profile given by the water depth D, and channel bed
slope S, (Blom, Arkesteijn, et al., 2017; Gao, Li, et al., 2020). Therefore, the water levels and bed levels are
identical for scenarios with constant f, that is, S1-1 to S1-5 for f, = 25 and S2-1 to S2-5 for f, = 33.33, as
shown in Figure 4.
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Figure 4. Equilibrium water levels and bed levels for the single channels in this study: panels (a, b) are the bed levels
scenarios with different width-to-depth ratio f3,, and panels (c, d) are the water levels and bed levels along the longitudinal
profiles indicated by the white dashed lines in panels (a, b).

As shown in Figures 2a and 2b, the local deepening of borrow-pit due to dredging or sand mining in river channels
was added at the halfway of one branch by lowering the bed levels upon the equilibrium bed levels without loss of
generality. The length of the borrow-pit L, is 1,000 m, whereas the depth of the borrow-pit D, was set t0 0.5, 1 and
2 m, resulting in a total removal volume of sand of 0.5-2 X 10° m*. We have also conducted additional simu-
lations with different locations and lengths of the borrow-pit, which does not change the conclusion of this study
(see Figure S2 in Supporting Information S1). Notably, the local deepening of the borrow-pit was implemented
only in branch I when the bifurcation equilibrium is symmetric (i.e., the equilibrium water depths in two branches
are the same and hereinafter termed the “symmetric bifurcation”), otherwise the local deepening of the borrow-pit
was implemented in either the dominant or the subordinate branch when the bifurcation equilibrium is asym-
metric (i.e., the equilibrium water depths in two branches are different and hereinafter termed the “asymmetric
bifurcation”) (Figure 3).

For the single channel, we added the borrow-pit at the same alone-channel locations with an identical removal
sand volume to that in one branch of the channel network. We either created the borrow-pit on the half side of the
channel (Figure 2c) or spanning over the cross-section yet with a half-length (Figure 2d) to keep the same volume
of sand removal and borrow-pit depth. Therefore, the lengths of the borrow-pits are different in the two
configurations.

2.3. Quantifying the Morphological Evolution of Bifurcating Channel Network

To appropriately compare the morphological timescales for different scenarios (Edmonds & Slingerland, 2008),
we defined the non-dimensional time 7. as follows:

t

(R S— 2
Do-Bo-l/g,, ()

where ¢ is the elapsed time, / (=1 m) is the characteristic length. In this study Dy, - By - I/Q,, indicates the time
during which the upstream coming sediment infills a unit length of the channel. Following previous studies (Bolla
Pittaluga et al., 2015; Gao et al., 2023), AQ was adopted to quantify the asymmetry of water partitioning at the
river bifurcation, which reads
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— |QwZ - le|

QWO (3)

AQ

where AQ is the river discharge asymmetry, and Q,,; and Q,,, are the river discharge supplied to branches I and II,
respectively. Similarly, we defined the difference in the average water depths of the two branches to show the
different morphological configurations in the two branches (Iwantoro et al., 2020) as follows:

|D, — Dy
D,

AD = )

where AD is the water depth asymmetry, and D, and D, are the spatially average water depths in branches I and 11,
respectively.

To quantify the relative change in river discharge of each branch due to the existence of the borrow-pit, we further
defined the relative discharge change dQ as follows:

Qwi - Qwi,e

Qwi,e (5)

do =

where Q. . is the river discharge in branch I or II when attaining the equilibrium configurations, and the subscript
i (=1 or 2) indicates branches I and II. Similarly, we adopted the relative slope change dS to quantify the effects of
borrow-pit on the water surface slope downstream of the bifurcation in each branch, which reads

Si - Si,e
S.

ie

ds = (6)

where S; is the water surface slope with the existence of the initial borrow-pit, S, , is the water surface slope when
attaining the equilibrium configurations, and the subscript i (=1 or 2) indicates branches I and II. In this study, S;
and §; , refer to the mean water surface slope between the bifurcation and the upstream end of the initial borrow-
pit, since the water surface slope in the upper sections of the two branches is critical to the water partitioning at the
bifurcation (Shaw et al., 2021).

In this study, we also theoretically compared the Delft3D simulation results with the phase plane analysis of river
bifurcations. Phase plane analysis of river bifurcations indicates the evolution of the water depths in the two
branches as the function of the water depths D; and D, per se (Wang et al., 1995) (see the Supporting Infor-
mation S1 for the derivation). Furthermore, we quantify the morphological evolution rate of the channel network
as follows

m= () (%) @

where M is the morphological evolution rate, and dD,/dt and dD,/dt are the changing rates of the average water
depths in the two branches, respectively. A smaller M indicates a slower morphological evolution of the channel
network, and vice versa.

3. Results
3.1. Channel Responses to Local Disturbance

Figure 5 shows the temporal and spatial evolution of channel networks with local disturbances in one of the
branches. For different bifurcations with symmetric or asymmetric equilibrium configurations, we found that the
evolution of bed levels with local disturbance can be largely divided into two stages (Figures 5a and 5d): For Stage
I: The initial pit is infilled and migrates downstream while the entire branch is uniformly eroded (Figures 5b and
Se). At the same time, a deposition wave originated at the river bifurcation propagates downstream in the other
branch, leading to uniform siltation of the entire branch (Figures 5b and 5e). The siltation in the other branch can
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Figure 5. The temporal evolution of the bed levels at the center of the initial borrow-pits and the corresponding location in the
other branch for (a) symmetric and (b) asymmetric bifurcations with different depths of the borrow-pits D,,. The initial
borrow pits locate at branch I and branch II for (a) symmetric and (b) asymmetric bifurcations, respectively. Panels (b, c, e, )
are the temporal evolution of the longitudinal profiles during stages I and II corresponding to scenarios in panels (a, d),
respectively, with Dp = 1 m. The line color in panels (b, c, e, ) scales with the non-dimensional time 7.
be considered as a “system-wide effect” of the local disturbance in this study. As for Stage II: The bed levels of the
two branches subsequently recover the initial equilibrium configurations while largely maintaining linear profiles
(except the bed ramps at the bifurcation) (Figures 5S¢ and 5f).
We also found that the timescale for recovering the equilibrium configuration (stage II) is much longer than the
initial infilling of the borrow-pits (stage I) (Figures 5a and 5d). Furthermore, the magnitude of the erosion/
siltation in the two entire branches tends to decrease with decreasing initial depth of the borrow-pit (Figures Sa
and 5d). The above processes are persistent for scenarios with different Shields stress 6, and different locations of
initial borrow-pit in the dominant or subordinate branch (see Figures S5 and S6 in Supporting Information S1).
Notably, in this study, the bed levels of the upstream channel are not affected by the local disturbance (Figures 5b,
5c, Se, and 5f).
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Figure 6. Panels (a, ) show different scenarios of borrow-pits (the dark bule area) in a single channel. Panels (b, c, f, g) are
the temporal evolution of the bed levels at representative locations (PO, P1, and P2) and longitudinal profiles (LO, L1, and L2)
for the scenarios shown in panels (a, e), respectively. Panels (d, h) are the spatial evolution of the bed levels at representative
time instants for scenarios shown in panels (a, e), respectively. The representative locations (PO, P1, and P2) and longitudinal
profiles (LO, L1, and L2) are indicated as the black dots and dashed lines, respectively, in panels (a, e). The line color in
panels (c, g) scales with the non-dimensional time 7. D), is the depth of the initial borrow-pit.

For a single channel, the borrow-pit is rapidly infilled when propagating downstream (Figure 6), which is
consistent with previous studies (Barman et al., 2020; Haghnazar et al., 2020). When the initial borrow-pit only
occupies half side of the river channel (Figure 2c), the pit expands in the cross-channel direction when propa-
gating downstream (Figure 6d). Further, the morphological timescale for recovering the equilibrium configu-
ration in a single channel is relatively short compared with that in a channel network (Figure 5).

Figure 7 shows the water partitioning at the bifurcation over time as well as its asymmetry for representative
scenarios (see Figures S7 and S8 in Supporting Information S1 for other scenarios). As expected, the river
discharge of the eroded branch (where the initial borrow-pit located) first increases during stage I and then
approaches the equilibrium discharge during stage II, and vice versa in the silted branch. Furthermore, the
increased river discharge in the eroded branch during stage I is larger with increasing depth of the initial
borrow-pit.
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Figure 7. Water partitioning at the bifurcation and its asymmetry over time for representative scenarios with different
equilibrium configurations of river bifurcations and locations of the borrow-pit: panels (a, b) are symmetric bifurcation with
the borrow-pit in branch I; panels (c, d) are asymmetric bifurcation with the borrow-pit in the subordinate branch (i.e., branch
II); and panels (e, f) are asymmetric bifurcation with the borrow-pit in the dominant branch (i.e., branch I).

3.2. Morphological Timescales of the Channel Responses

We quantified the nondimensional timescales of the two stages by detecting the time instants when the eroded
branches convey their maximum river discharge (7*,;) and the time instants when the branch recovers the
equilibrium discharge (T%,). As shown in Figure 8a, T%, tends to increase with increasing depth of the borrow-
pits, which is due to the increasing time for infilling the increasing volume of the borrow-pits. Further, for an
asymmetric bifurcation, 73, tends to be greater when the borrow-pits are located in the subordinate branch with a
relatively lower river discharge Q,,,/0,,o (Figure 8b). Here, Q,,, is the equilibrium river discharge in the branch
with the initial borrow-pit and Q,,, is the upstream discharge. As shown in Figure 8c, while T, tends to increase
with increasing depth of the borrow-pits, it does not show a significant difference between different scenarios with
symmetric or asymmetric bifurcations in this study. Furthermore, we found that the timescale for the branches to
recover the equilibrium discharge (7',) can be up to 370 times longer than 7%, and T.,/T%, tends to increase with
increasing Q.,,/0,,, (Figure 8d). The differences between T, and T, are discussed in Section 4.2.

Notably, when the initial borrow-pits are located in the dominant branch of a highly asymmetric bifurcation
(Scenarios B2-3 to B2-5), the alterations in the water partitioning at the bifurcation can be negligible due to the
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Figure 8. Nondimensional timescale for the infilling of the initial borrow-pits (i.e., stage I) 7', against (a) the depth of the
initial borrow-pit D, and (b) the relative discharge in the branch with the initial borrow-pit Q,,,/Q,,. Panel (c) is the
nondimensional timescale for the recovery of the equilibrium discharges (i.e., stage II) 7., against the depth of the initial
borrow-pit D,,, and panel (d) shows T.,/T., against Q,, /0, O, is the equilibrium river discharge in the branch with the
initial borrow-pit and Q,,, is the upstream discharge. The symbol sizes scale with Q,, /0, for panels (a, ¢) and scale with D,
for panels (b, d).

larger water depth and the rapid infilling of the initial borrow-pits with the high sediment supply in the branch (see
Figure S6 in Supporting Information S1). This result is consistent with existing physical experiments (Lee
et al., 1993), which showed that increasing sediment transport capacity can lead to increasing downstream
migration rate of initial borrow-pits and hence the rapid infilling. In such cases, the effects of the burrow-pit on the
morphological evolution of the channel network are negligible. As such, T and T, tend to be relatively small
and are thus not included in Figure 8.

4. Discussion
4.1. Mechanism Leading to the System-Wide Effects

In this study, we found that the local deepening in one branch of a bifurcating channel network can lead to system-
wide effects. Specifically, in the initial stage (i.e., stage I) erosion occurs in the entire branch with the local
deepening, whereas siltation occurs in the other branch. In the following section, we further illustrated the
mechanism leading to the erosion/siltation in the two branches during stage I. Figure 9 shows the initial water
levels in the channel networks with the existence of the borrow-pits as well as the water levels when recovering
the equilibrium configurations for representative scenarios. For the channel network of river bifurcation, the
existence of the borrow-pit tends to increase the water surface slope downstream of the bifurcation in the branch
with local deepening compared with the other branch (see the solid blue lines in Figures 9b and 9c¢). The increased
water surface slope thus increases the river discharge in the branch (Figure 7) and leads to the further erosion of
the branch during stage I (Figure 5). Also, the decreased river discharge in the other branch leads to its siltation
(Figure 5). Nonetheless, the water depths in the two branches will eventually recover their equilibrium
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Figure 9. The schematized locations of the borrow-pits for representative scenarios of (a) symmetric bifurcation and
(d) single channel. Panels (b, c, e, f) are the longitudinal profiles of the initial and equilibrium water levels for scenarios
shown in panels (a, d), respectively, with different depths of the initial borrow-pit D,,. The locations of the longitudinal
profiles (L1 and L2) in panels (b, c, e, ) are indicated as the black dashed lines in panels (a, d), respectively. Panel (g) shows
the relationship between the relative discharge change dQ and the relative slope change dS in the branch with the initial
borrow-pit.
configurations during stage II yet with a longer timescale (Figures 5 and 8). As shown in Figure 9g, the relative
discharge change dQ (Equation 5) in the branch with the borrow-pit at T, (Figure 7), that is, the maximum dQ,
tends to increase with increasing relative slope change dS (Equation 6). In this study, the relative slope change dS
and the relative discharge change dQ can reach up to 0.73 and 1.03, respectively.
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Essentially, in this study the erosion/siltation in the two branches during the initial stage (stage I) results from the
alterations of water levels at the bifurcation due to the existence of the borrow-pits. The variations in water levels
further change the water and sediment supplies to the two branches, which therefore leads to the morphological
evolution in both branches and drives the bifurcation away from its equilibrium configurations. Therefore, the
system-wide effects of local disturbance are essentially due to the alterations in the water partitioning at the river
bifurcation. The system-wide effects of the local disturbance on the water surface slope have also been reported in
the Mississippi-Atchafalaya bifurcation (Shaw et al., 2021), which showed that the dredging in the lower
Atchafalaya River led to the increased water surface slope in its upstream reach and hence the increased river
discharge in the Atchafalaya River through the Mississippi-Atchafalaya bifurcation. The relative slope change dS
and relative discharge change dQ due to dredging in Shaw et al. (2021) were estimated to be 0.58 and 0.14,
respectively, which fall in the ranges of our simulations (see the blue rectangle in Figure 9g). Nonetheless, the
comparison with Shaw et al. (2021) is qualitative as the river discharge and channel geometry of the Mississippi-
Atchafalaya bifurcation are much larger than in our simulations.

In a single channel with a local deepening at half side of the river channel (Figure 9d), we also found the
drawdown of the water levels (Figures 9e and 9f). Nonetheless, the differences in the water levels between the two
representative longitudinal profiles in a single channel only locally occur at the two along-channel ends of the
borrow-pits. The limited difference in water levels is presumably due to the momentum transfer in the cross-
channel direction (Proust et al., 2009). In contrast, the differences in the water levels can persist in the two
bifurcating branches due to the separation of the water body (Edmonds & Slingerland, 2008). The results suggest
that the restoration of side channels or the construction of longitudinal training walls in river channels can lead to
different hydrodynamic development and morphological evolution in the two branches (Le et al., 2018; van
Denderen et al., 2018).

4.2. Comparison With Theoretical Analyses

The relatively long timescales for stage I (i.e., the recovery to the equilibrium configurations) were theoretically
compared with the phase plane analysis (Wang et al., 1995). Figures 10a and 10c show the evolution rate of river
bifurcation (M) as a function of the water depths of the two branches (D, and D,) for representative scenarios of
symmetric and asymmetric bifurcations using phase plane analysis. As shown in Figures 10b and 10d, we further
compared the Delft3D simulations of the morphological evolution of the channel network with the theoretical
analyses of the phase plane during stage II when the water depths in each branch are constant. The evolution
trajectory of water depths of the two branches are consistent between the theoretical predictions (white dashed
lines in Figures 10b and 10d) and the Delft3D simulations (red lines Figures 10b and 10d). Further, we found a
“slowing zone” on the phase plane where the evolution rate of the river bifurcation M is relatively low
(Figures 10a and 10c). The low evolution rate of water depths at the vicinity of the equilibrium configurations
also explains the longer timescales (7%,) for the branches to recover the equilibrium configurations and
discharges.

The decreasing morphological evolution rate of a bifurcating channel network when approaching the equilibrium
configuration is also found in the one-dimensional simulations of Iwantoro et al. (2020). Further, the relatively
long timescale (T%,) for the branches to recover the equilibrium configurations due to the existence of the
“slowing zone” could also explain the less significant difference in 7, between different scenarios with sym-
metric and asymmetric bifurcations. Specifically, T, is largely determined by the timescale to pass through the
“slowing zone.”

4.3. Implications for Evolution and Management of Channel Networks

Channel networks benefit coastal communities in numerous aspects, such as water supplies and navigation. In this
study we found that the local disturbance can lead to long-term and system-wide morphological responses in
channel networks (Figure 5). Furthermore, the system-wide morphological responses pertain to the “process
connectivity” in deltaic channel networks (Passalacqua, 2017), that is, the bed changes in one of the branches are
highly coupled with the other branch. Therefore, it is critical to explore the long-term morphological responses to
human intervention in the entire channel network rather than focusing on a single channel reach (Chowdhury
et al., 2023; Cox et al., 2021; Wang et al., 2022). The long timescale for recovering the equilibrium (Figures 5
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Figure 10. The evolution rate of water depths M in relation to the water depths in the two branches (D, and D,) per se and the
equilibrium configurations of water depths for representative scenarios of (a) symmetric and (c) asymmetric bifurcations.
Panels (b, d) are up-close looks that show the evolution trajectories of water depths when approaching their equilibrium
configurations predicted by the phase plane analyses and the Delft3D simulations.

and 7) can lead to significantly cumulative alterations of the water and material supplies to the downstream
habitats (Hariharan et al., 2023).

With the intensive human intervention in the many deltas across the world, our results can also help understand
the long-term morphological evolution of the channel network and inform the mitigation of the relevant hazards
and risks, such as salt water intrusion, flooding and river avulsion (Cox et al., 2021; Luo et al., 2007; Shaw
et al., 2021; Wang et al., 2015). For example, the spatially uneven navigation dredging and sand mining in the
channel network of the Pearl River Delta and the Yangtze River Estuary have led to the alterations of the water
partitioning at the bifurcations (Chen et al., 2022; Luo et al., 2007; Wang et al., 2022), which can potentially affect
the spatial patterns of salt water intrusion and flood risks (Biemond et al., 2023; Qiu et al., 2022). The dredging
activities in the lower Atchafalaya River have resulted in an altered water partition at the Mississippi-Atchafalaya
bifurcation (Shaw et al., 2021). Specifically, the river discharge increased in the Atchafalaya River after the local
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dredging in its lower reach between 1932 and 1950 in addition to channel erosion; the increased river discharge
partitioning to the Atchafalaya has caused concerns on the potential abandonment of the lower Mississippi River
(Fisk, 1952; Shaw et al., 2021). Although our study suggests that the silted branch would eventually recover the
equilibrium configuration with a larger water depth (Figure 5), the prolonged recovery could increase its risk of
closing-off given the decreasing water discharge and shallower water depth (Riquier et al., 2017; Slingerland &
Smith, 1998).

Notably, this study was conducted in a simple bifurcating channel network with identical lengths and widths of
the two branches. In complex channel networks with multiple bifurcations in natural deltas, the water and
sediment partitioning at bifurcations are highly coupled in the channel network, potentially leading to emergent
behavior on the bifurcation equilibrium configurations (Ragno et al., 2022; Salter et al., 2020). Furthermore, the
bifurcation equilibrium configurations can also be affected by tides, waves, sea-level rise, salinity, changing river
discharge, backwaters and river mouth progradation (Buschman et al., 2013; Edmonds, 2012; Edmonds
etal.,2010; Gao et al., 2018; Hariharan et al., 2022; Iwantoro et al., 2022; Salter et al., 2018) as well as the channel
geometry, such as meandering and changing channel width and length (Redolfi et al., 2019). The propagation of
the local disturbance in such a large-scale complex channel network is worth exploring in the future as the re-
covery to the equilibrium configuration could differ from a single bifurcation.

5. Conclusions

In this study, we explored the responses of a bifurcating channel network (i.e., a river bifurcation with an upstream
channel and two branches) to local disturbance of channel deepening such as borrow-pits due to dredging or sand
mining. The results were further compared with scenarios with a single channel as well as theoretical analyses on
the evolution of river bifurcations. Main conclusions are listed as follows:

1. The responses of bifurcating channel networks to local disturbance of channel deepening show patterns widely
different from a single channel. While the recovery of the bed level is rapid in a single channel, the responses of
the channel network can be divided into two stages:

Stage I: The rapid infilling of the local disturbance of channel deepening is associated with the erosion of the
entire branch, which also causes system-wide effects on the siltation in the other branch.

Stage II: The eroded and silted branches then gradually recover their initial symmetric/asymmetric equilibrium
configurations.

2. The erosion/siltation of the two branches during stage I is due to the variations in water levels of the two
branches that alter the water partitioning at the bifurcation.

3. While the infilling of the local disturbance of channel deepening during stage I is relatively rapid, the recovery
of the equilibrium configurations during stage II is much slower.

4. The long timescales for recovering the equilibrium configurations are theoretically consistent with phase plane
analyses, which show a “slowing zone” for the morphological evolution of the two branches when approaching
the equilibrium configurations.

Our results show that the responses of a channel network to local disturbances are more complex than that of a
single channel. The local disturbances in one branch can lead to long-term system-wide effects on the
morphological evolution of the entire channel network. Our results suggest the importance of exploring the long-
term morphological responses of the entire channel network rather than a single channel reach, which also
benefits the design and management of channel network restorations. Future studies can further relax the
simplification of the channel network and the local disturbance, such as considering the different lengths, channel
widths and meandering of the two branches as well as incorporating scenarios with different locations and
magnitudes of the local disturbance. The propagation of the local disturbances in complex channel networks with
multiple bifurcations under tides, sea-level rise, changing river discharge, river mouth progradation, etc. is also
worth exploring in the future.

Data Availability Statement

The Delft3D model setup files and the code for phase plane analysis are available on the Zenodo database
Gao (2023) (https://doi.org/10.5281/zenodo.8362570).
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