
1. Introduction
River deltas, where river channels sculpt their morphology alongside waves and tides, etc., and form deltaic 
river networks, are of great economic and ecological importance (Edmonds et al., 2020; Gao et al., 2018; Giosan 
et al., 2014; Jerolmack, 2009; Konkol et al., 2022; Nienhuis et al., 2020; Tejedor et al., 2017). The complicated 
and splendid topological structure of deltaic river networks functions as natural conduits for the distribution of 
water, sediment, salinity and organisms along deltaic floodplains and coasts (Tejedor et al., 2017). The evolu-
tion of the deltaic river network and its connectivity, determining the water distribution in the river network and 

Abstract A river bifurcation is critical for distributing water, sediment and nutrients to the downstream 
branches of deltaic river networks. However, the downstream branches of a bifurcation can be linked by a 
connecting channel cutting through deltaic floodplains. The floodplain connecting channel as a downstream 
control can affect water partitioning at the river bifurcation and hence the hydrological connectivity of the 
river network. However, its effects are still largely elusive. In this study, we explored how a connecting channel 
linking downstream branches affects water partitioning at the upstream bifurcation and water distribution along 
the two branches. The investigation was conducted through idealized numerical simulations using Delft3D, 
followed by analysis of the cascading effects on the hydrological connectivity of river networks using graph 
theory. The results show that connecting channels can mitigate asymmetric water partitioning at the upstream 
bifurcation. However, this happens at the expense of inducing more uneven flow at the downstream outlets. 
The flow adjustment is due to the altered spatial water surface slope in the two branches associated with the 
flow exchange from one channel to the other via the connecting channel. Further analysis of hydrological 
connectivity shows that connecting channels can generally reduce the vulnerability of the channel network to 
hydrological alterations, especially changing inflow, by enhancing flow exchange between the two branches. 
Our results suggest that connecting channels are critical paths for hydrological connectivity, which have 
important implications for the management of deltaic river networks and their floodplains.

Plain Language Summary River deltas commonly have multiple channels that form complex 
networks. Channel networks play important roles in distributing water, nutrients, etc., to deltaic wetlands 
and coastal habitats and are thus critical for navigation, flood safety, and ecological protection. In a channel 
network, the upstream discharge is commonly split unevenly into two downstream branches at a river node 
called a bifurcation. The downstream branches are commonly linked by relatively small connecting channels, 
forming a channel network of two forked channels linked by shortcut channels. The effects of these shortcut 
channels on water partitioning at a bifurcation are unclear. We modeled this channel network using a specialized 
computer program and found that the uneven water partitioning at the bifurcation is significantly reduced due 
to the connecting channel. The reduced unevenness of water partitioning is due to the balance of the water 
surface slope in the two downstream branches via the connecting channel acting as a “connected vessel.” The 
connecting channel also enhances the river discharge exchanges in the network to reduce its vulnerability 
to upstream flow variations. With increasing human interventions on these connecting channels, our results 
demonstrate their value and the importance of safeguarding them for flood safety and other ecosystem services.
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its responses to local perturbations, is crucial for both society (navigation, flood defense, etc.) and ecosystems 
(freshwater and marine habitats) and has received increasing attention in recent years (Chen et al., 2022; Hiatt 
et al., 2022; Konkol et al., 2022; Salter et al., 2020; Tejedor et al., 2017). With growing human interventions 
in deltaic river channels, understanding the response of their hydrological connectivity can help improve the 
management and restoration of river deltas (Bain et al., 2019; Chen et al., 2022).

Hydrological connectivity is of critical importance for ecosystem functioning and has been widely explored 
in different subsystems in river deltas, such as river networks (Chen et al., 2022; Tejedor et al., 2015a, 2015b) 
and channel-island systems (Hiatt et al., 2018; Wright et al., 2018). Among them, the topological structure of 
large-scale deltaic river networks in relation to hydrological connectivity has been recently investigated (Chen 
et al., 2022; Hiatt et al., 2022; Tejedor et al., 2015b, 2017), in which water partitioning at bifurcations has been the 
focus thus far (Dong et al., 2020; Hariharan et al., 2022; Tejedor et al., 2015a). The changes in water partitioning 
at bifurcations result in altered water distribution in the downstream channels and hence modified hydrologi-
cal connectivity of the entire river network (Chen et al., 2022). Therefore, understanding water partitioning at 
river bifurcations is crucial for the long-term evolution of deltaic river networks and the associated hydrological 
connectivity (Chen et al., 2022; Edmonds et al., 2021; Ragno et al., 2020; Salter et al., 2020; Tejedor et al., 2017; 
Wang et al., 1995).

Typically, water partitioning at a river bifurcation is explored at the channel scale (Edmonds et  al.,  2021; 
Kleinhans et  al.,  2013). A river bifurcation tends to be asymmetric due to its intrinsic instability, leading to 
an uneven partitioning of river discharge, sediment load and nutrients to the downstream branches (Kleinhans 
et al., 2013). Many studies have explored how water (and sediment) partitioning is affected by the morphological 
characteristics of river bifurcations, such as curvature (Kleinhans et al., 2008), external forcing, such as tides 
(Buschman et al., 2010; Ragno et al., 2020), and downstream controls, such as river mouth progradation and slope 
differences between the two downstream branches (Redolfi et al., 2019; Salter et al., 2018).

However, in deltaic river networks, many downstream branches can rejoin in a downstream confluence (termed a 
“bifurcation-confluence unit” (Ragno et al., 2021)) or be linked by connecting channels cutting through the flood-
plain (termed a “bifurcation-connecting channel unit” and see Figure 1 for some examples), creating an anasto-
mosing river pattern (Makaske, 2001; Marra et al., 2014; Nanson & Knighton, 1996; Tejedor et al., 2015a). The 
bifurcation-connecting channel unit consists of two branches splitting at an upstream bifurcation and a connecting 
channel further splitting from one of the branches and joining the other branch (see Figure 1). These floodplain 
connecting channels, on the one hand, are important conduits linking rivers and floodplains and sustaining fluvial 
ecosystems (Abrial et al., 2019; Sumaiya et al., 2021; Trigg et al., 2012; Tull et al., 2022). On the other hand, 
the connecting channel between the two branches can also act as a downstream control affecting the hydrody-
namics in the two branches, such as their slope difference. The dynamics of the slope difference between the two 
downstream branches can further result in the adjustment of water partitioning at the upstream river bifurcation 
(Redolfi et al., 2019) and hence the hydrological connectivity of the river network. However, this effect is largely 
elusive to date.

To explore the relevant effects, we conducted idealized numerical simulations using Delft3D with a schematized 
“bifurcation-connecting channel unit.” A variety of scenarios with varying combinations of river discharge at 
the upstream channel, slope difference between the two downstream branches and geometry of the connecting 
channel, including depth and width, were adopted to explore the effects of the connecting channel on water 
partitioning at the upstream river bifurcation. Based on the simulation results, the cascading impacts on hydro-
logical connectivity, as well as the implications for the stability of river bifurcation and deltaic restoration, are 
also discussed.

This study aims to investigate how downstream floodplain connecting channels can affect water partitioning at 
the upstream bifurcation and the hydrological connectivity of deltaic river networks. Therefore, the numerical 
simulations focused on the in-channel hydrodynamics to explore the relevant mechanisms as appropriate. Nota-
bly, river channels can also connect with floodplains through flood-induced overbank flow in natural deltas 
(Hiatt et al., 2018; Nardin & Edmonds, 2014). However, this rarely occurs in urbanized deltas with flood defense 
structures in place and is therefore not considered in this study.
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2. Methodology
2.1. Model Setup

In this study, we used idealized numerical simulations with schematized geometry and generic modeling param-
eters to investigate and quantify how a connecting channel affects the water partitioning of a bifurcation. The 
numerical simulations were conducted using the Delft3D model (Lesser et  al.,  2004), which is commonly 
adopted to explore water partitioning at river bifurcations through idealized numerical simulations (Buschman 
et al., 2010; Edmonds & Slingerland, 2008; Iwantoro et al., 2022). As shown in Figure 1, connecting channels 
cutting through floodplains are common in river deltas (Cox et al., 2021; Nanson & Knighton, 1996; Salter & 
Lamb, 2022; Swinkels et al., 2009), such as the Dongjiang Delta, which is a subdelta of the Pearl River Delta, 
as well as the Hanjiang Delta, in Guangdong, China, and the Wax Lake Delta in the USA. These river deltas can 
be populous or uninhabited. Similar floodplain connecting channels linking bifurcating channels are also widely 
found across braided and anastomosing rivers worldwide (e.g., Hiatt et al., 2020; Marra et al., 2014; Nanson & 

Figure 1. Examples of connecting channels in river deltas, braided rivers and anastomosing rivers: (a) the Dongjiang Delta (a subdelta of the Pearl River Delta) and (b) 
the Hanjiang Delta, in Guangdong, China, (c) the Wax Lake Delta, USA, (d) braided channels of the Wilberforce River, New Zealand, and (e) anastomosing channels 
of the Yukon River, USA. (f) A schematic showing the interactions between rivers and their floodplain through the floodplain connecting channels. Satellite images are 
from Google Earth (https://earth.google.com/).
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Knighton, 1996; Nicholas et al., 2013) (Figure 1). Notably, some connecting channels emerge downstream of 
the river bifurcation and connect the two downstream branches, while others connect different waterways (Bain 
et al., 2019; Marra et al., 2014). In this study, we focus on the “bifurcation-connecting channel unit” (see exam-

ples in Figure 1) that has a connecting channel between the two bifurcating 
branches.

Therefore, we schematized the computational domain as shown in Figure 2 
without loss of generality. An upstream river channel splits into two symmet-
ric downstream branches without curvature at the river bifurcation, follow-
ing the generic settings of river bifurcations in previous studies (Buschman 
et al., 2010; Edmonds & Slingerland, 2008; Iwantoro et al., 2022). A straight 
connecting channel cutting through the floodplain further connects the two 
branches at two-fifths of their total length from the bifurcation to the outlet, 
separating the downstream branch into an upper section and a lower section 
(Figure 2).

The upstream river channel and downstream branches have constant widths 
of 500 and 250 m, respectively, with rectangular cross sections. A constant 
bed slope of 1 × 10 −4 was adopted from the upstream channel to the down-
stream branches, resulting in bed elevations ranging from −2.5  m at the 
upstream boundary to −5 m at the two outlets. The width and bed level of the 
connecting channel range from 90 to 150 m and from −4 to −2 m, respec-
tively. Notably, the widths of the branches at the bifurcation are 187.5 m due 
to the loss of two grid cells at the bifurcation (Figure 2), which are gradually 
widened to 250 m in a length of 50 grid cells.

Constant river discharge ranging from 1,000 to 2,500 m 3/s was imposed at 
the upstream boundary, while constant water levels were prescribed at the 
two downstream boundaries, neglecting tides. As such, we focus on the 
conditions when fluvial forcing is dominant. The water levels at the two 
outlets were set to 0 m for the baseline scenarios, which were further varied 
between the two outlets to create a slope difference between the two down-
stream branches and hence asymmetric water partitioning at the bifurcation 
(see Table 1). Notably, asymmetric water partitioning at the bifurcation can 
also be induced by adopting different lengths or bed slopes of the two down-
stream branches. However, the connecting channel is also able to reduce the 
asymmetry of water partitioning in such cases (see Figures S1 and S2 in 
Supporting Information S1). Nonetheless, the water level difference at the 
two outlets is more convenient to implement in this study by changing the 
downstream boundary conditions. A constant Chezy coefficient of 65 m 1/2/s 
was adopted. All simulations were conducted with a fixed bed. The long-term 

Figure 2. Computational domain of the schematized river bifurcation with an upstream river channel splitting into two 
downstream branches and the connecting channel connecting the two downstream branches. The two branches are separated 
into an upper section and a lower section upstream and downstream of the connections between the branches and the 
connecting channel.

Table 1 
Simulation Scenarios With Different Combinations of Boundary Conditions 
and Geometry of the Connecting Channel

RunID

River 
discharge 
Qu (m 3/s)

Water level at two outlets Width of 
connecting 
channel Bt 

(m)

Bed level of 
connecting 
channel Dt 

(m)H1 (m) H2 (m)

R01 2,500 0 0 N. A. N. A.

R02 2,500 0 −0.5 N. A. N. A.

R03 2,500 0 −0.5 150 −4

R04 2,500 0 −0.5 90 −4

R05 2,500 0 −0.5 150 −2

R06 2,500 0 −0.5 90 −2

R07 2,000 0 0 N. A. N. A.

R08 2,000 0 −0.5 N. A. N. A.

R09 2,000 0 −0.5 150 −4

R10 2,000 0 −0.5 90 −4

R11 2,000 0 −0.5 150 −2

R12 2,000 0 −0.5 90 −2

R13 1,500 0 0 N. A. N. A.

R14 1,500 0 −0.5 N. A. N. A.

R15 1,500 0 −0.5 150 −4

R16 1,500 0 −0.5 90 −4

R17 1,500 0 −0.5 150 −2

R18 1,500 0 −0.5 90 −2

R19 1,000 0 0 N. A. N. A.

R20 1,000 0 −0.5 N. A. N. A.

R21 1,000 0 −0.5 150 −4

R22 1,000 0 −0.5 90 −4

R23 1,000 0 −0.5 150 −2

R24 1,000 0 −0.5 90 −2
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morphodynamics of the river channels were not considered in the model, which is also subject to upstream sedi-
ment supply.

2.2. Scenario Design

Baseline scenarios with identical water levels of 0 m at the two outlets were run to show the symmetric water 
partitioning at the upstream bifurcation with or without the connecting channel. Then, we lowered the water level 
at Outlet II to −0.5 m, creating a slope difference in the water surface between two downstream branches and 
hence asymmetric water partitioning at the upstream bifurcation without the connecting channel. Afterward, we 
added a connecting channel linking the two downstream branches to investigate how the connection can modulate 
asymmetric water partitioning. The width and depth of the connecting channel were further varied to explore how 
the alteration of the connecting channel caused by human activities such as land reclamation, affects the water 
partitioning at the upstream bifurcation. The simulation scenarios are listed in Table 1. Notably, the results with 
different channel widths of the two branches and different water level differences prescribed at the downstream 
outlets are provided in Figures S3–S6 of Supporting Information S1, which do not change the conclusions of this 
study.

In this study, the combination of upstream river discharge (1,000–2,500 m 3/s), the width-to-depth ratio (115–150) 
and bed slope of 1 × 10 −4 were mainly derived from relatively wide and shallow lowland rivers with consid-
erable discharges (Caldwell et al., 2019; Iwantoro et al., 2021; Kleinhans & van den Berg, 2011; Syvitski & 
Saito, 2007), such as the lower reach of the Dongjiang River (forming a subdelta of the Pearl River Delta, China) 
(Liu et al., 2018). Furthermore, the river channel is in a backwater regime with backwater lengths ranging from 
45 to 50 km corresponding to the prescribed water depth at the outlet and bed slope, and the maximum Froude 
number is 0.268 such that the downstream hydrodynamic variations can well affect the upstream flows.

For the model results analyses, asymmetry of water partitioning at the river bifurcation ΔQb is defined below 
following Bolla Pittaluga et al. (2015):

Δ𝑄𝑄𝑏𝑏 =
|𝑄𝑄𝑏𝑏2 −𝑄𝑄𝑏𝑏1|

𝑄𝑄𝑢𝑢

 (1)

where Qu is the upstream river discharge, Qb1 and Qb2 are river discharges supplied to downstream branches I and 
II, respectively, at the bifurcation. ΔQb ranges from 0 to 1, where ΔQb = 0 represents symmetric partitioning and 
increasing ΔQb represents more asymmetric partitioning. Similarly, the river discharge difference between the 
two outlets ΔQo is defined as follows:

Δ𝑄𝑄𝑜𝑜 =
|𝑄𝑄𝑜𝑜2 −𝑄𝑄𝑜𝑜1|

𝑄𝑄𝑢𝑢

 (2)

where Qo1 and Qo2 are river discharges at the two outlets. ΔQo ranges from 0 to 1, where ΔQo = 0 represents 
the same river discharge at the two outlets and increasing ΔQo represents a greater difference in river discharges 
between the two outlets.

The difference in water surface slope between the upper sections of the two branches is defined as follows:

Δ𝑆𝑆𝑢𝑢 =
|𝑆𝑆𝑢𝑢2 − 𝑆𝑆𝑢𝑢1|

𝑆𝑆0

 (3)

where S0 is the water surface slope in the upstream river channel, Su1 and Su2 are the water surface slopes in the 
upper sections of downstream branches I and II, respectively. Similarly, the difference in water surface slope 
between the lower sections of the two branches is defined as follows:

Δ𝑆𝑆𝑙𝑙 =
|𝑆𝑆𝑙𝑙2 − 𝑆𝑆𝑙𝑙1|

𝑆𝑆0

 (4)

where Sl1 and Sl2 are the water surface slopes in the lower sections of downstream branches I and II, respectively. 
The river discharge and water level data at the end of the simulation were adopted to calculate the water partition-
ing and water surface slope, when the hydrodynamics along the river channels have already reached equilibrium.
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2.3. Hydrological Connectivity Analysis

Based on our numerical simulations, we were able to calculate the water partitioning at the upstream bifurcation 
as well as that at the connection between the branches and the connecting channel. Using these water partitioning 
data, we can further establish the weighted adjacency matrix (Figure 3a) and analyze how the connecting channel 
can affect the hydrological connectivity based on graph theory (Tejedor et al., 2015a). When representing the 
river network using graph theory in this study, a vertex denotes a river node (i.e., the upstream apex, a bifurca-
tion or confluence, or a river outlet at the coast), whereas a link indicates a river channel. The nonzero element 
(m, n) in the adjacency matrix represents a directed link from vertex n to vertex m, that is, a river channel with 
an upstream vertex n and downstream vertex m. The nonzero element (m, n) in the weighted adjacency matrix 
represents the fraction of river discharge drained from a parent (upstream) vertex n to its offspring (downstream) 
vertex m. m and n are the numbering of the vertices in Figure 3.

The outlet contributing subnetwork (CSN) of the “bifurcation-connecting channel” (Figure 2) was first identified 
in Figure 3. An outlet CSN includes a set of vertices and links that participate in draining river discharge from the 
upstream inlet to a specific downstream outlet, which is commonly adopted as a basic unit in analyzing the hydro-
logical connectivity of deltaic river networks (Tejedor et al., 2015a). The CSNs corresponding to two outlets in 
this study are termed CSN1 and CSN2 hereinafter (Figure 3). The inclusion of the connecting channel results in 
a more complex CSN2 with more vertices and links.

While the changes in CSNs represent topological responses of the “bifurcation-connecting channel unit,” global 
vulnerability (V) and leakage index (LI) were further adopted in this study to assess the dynamic responses of the 
river network upon its changing topological structure, following Tejedor et al. (2015a) and Tejedor et al. (2015b). 
Local vulnerability 𝐴𝐴 𝐴𝐴 𝑖𝑖

𝑚𝑚𝑚𝑚 is first defined for the further calculation of global vulnerability, which describes how 
much the changes in discharge at a specific outlet can be affected by the local perturbation of discharge in an 
upstream river channel that drains a fraction of discharge to the specific outlet (Tejedor et al., 2015a). 𝐴𝐴 𝐴𝐴 𝑖𝑖

𝑚𝑚𝑚𝑚 is 

Figure 3. (a) Schematic graph of the river network and its adjacency matrix and weighted adjacency matrix. Panels (b and 
d) are contributing subnetwork 1 (CSN1), and (c and e) are contributing subnetwork 2 (CSN2) for scenarios without and with 
connecting channels, respectively. Black solid arrows represent the river segments with assumed flow directions, and filled 
orange circles indicate the numbering of river vertices.
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quantified by the ratio of the reduction in discharge at the outlet to the local reduction in discharge at an upstream 
river channel, that is, an α-reduction in discharge at a river channel can lead to an α 𝐴𝐴 𝐴𝐴 𝑖𝑖

𝑚𝑚𝑚𝑚 -reduction of discharge 
at the outlet (Tejedor et al., 2015a). Following Tejedor et al. (2015a), the local vulnerability of a specific channel 
can be calculated as follows:

𝑉𝑉 𝑖𝑖
𝑚𝑚𝑚𝑚 =

𝑝𝑝𝑖𝑖𝑚𝑚𝑚𝑚

𝑄𝑄𝑜𝑜𝑖𝑖∕𝑄𝑄𝑚𝑚𝑚𝑚

 (5)

where 𝐴𝐴 𝐴𝐴 𝑖𝑖
𝑚𝑚𝑚𝑚 represents the local vulnerability of a specific channel nm in CSNi, 𝐴𝐴 𝐴𝐴𝑖𝑖𝑚𝑚𝑚𝑚 is the fraction of discharge in 

river channel nm that finally drains to outlet i, Qmn is the discharge in river channel nm, Qoi is the discharge at 
outlet i, and i (=1 or 2) is the numbering of the two CSNs in this study. Global vulnerability (V) is subsequently 
calculated by averaging the local vulnerability of all channels in this CSN. A smaller global vulnerability indi-
cates that a reduction in flux (river discharge, nutrient and wash load etc.) in any upstream channel tends to affect 
the flux at the outlet to a lesser extent, suggesting that the perturbation could be damped in the CSN (Tejedor 
et al., 2015a).

The leakage index (LI) is the fraction of the discharge leaving the CSN by bifurcating channels (Tejedor 
et al., 2015b), describing the flow exchange between the two CSNs in this study (Figure 3). Following Tejedor 
et al. (2015b), the leakage index (LI) can be calculated as follows:

𝐿𝐿𝐿𝐿
𝑖𝑖
=

∑
𝑛𝑛∈CNS𝑖𝑖

𝑄𝑄𝑛𝑛 −
∑

𝑛𝑛𝑛𝑛∈CNS𝑖𝑖
𝑄𝑄𝑛𝑛𝑛𝑛

∑
𝑛𝑛∈CNS𝑖𝑖

𝑄𝑄𝑛𝑛

 (6)

where LI i is the leakage index of CNSi, Qn is the river discharge at vertex n, and Qmn is the discharge of river 
channel nm. A larger LI for a CSN means that a greater fraction of river discharge in the shared river channels 
drains other CSNs (Tejedor et al., 2015b). Since we only have two CSNs in this study, a larger LI thus suggests 
stronger flow exchange between the two CSNs. Notably, both V and LI can be calculated using the weighted 
adjacency matrix (Figure 3a). More details on the relevant methodology can be found in Tejedor et al. (2015a) 
and Tejedor et al. (2015b).

3. Results
3.1. Water Partitioning at the Upstream River Bifurcation

As shown in Figure 4, the slope difference between the two downstream branches creates asymmetric water parti-
tioning at the upstream bifurcation with ΔQb larger than 0. The asymmetry of water partitioning ΔQb decreases 
with increasing upstream river discharge Qu (black line in Figure  4a). With the existence of the connecting 
channel linking the two downstream branches, the asymmetry of water partitioning ΔQb is significantly modu-
lated (Figure 4). Specifically, the water partitioning becomes almost symmetric when the river discharge is rela-
tively high (Qu = 2,500 m 3/s), while water partitioning with relatively low river discharges remains asymmetric 
due to the initially larger asymmetry. When the upstream river discharge is relatively low, a shallower or (and) 
narrower connecting channel tends to affect the water partitioning to a lesser extent, resulting in an increasing 
ΔQb (Figure 4b). The results suggest that the connecting channel can reduce the asymmetry of water partitioning 
at the upstream bifurcation, yet with a potentially limited modulating capacity that further depends on its width 
and depth.

Figure 5a further shows the river discharge difference between the two outlets ΔQo for different scenarios with 
or without the connecting channel. Contrasting with the effects of the connecting channel on the upstream bifur-
cation, the existence of the connecting channel augments the river discharge difference between the two outlets, 
that is, ΔQo increases when a connecting channel connects the two branches (Figure 5). Furthermore, a wider and 
deeper connecting channel tends to further increase the difference (Figure 5b).

3.2. Hydrological Connectivity

Based on our numerical simulations, we were able to further quantify the effects of connecting channels on 
hydrological connectivity. Figures 6a and 6b show that the vulnerability of CSNs for symmetric and asymmetric 
scenarios without connecting channels have the same value of unity (note that several markers with V = 1 overlap 
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in Figures 6a and 6b), which means that a reduced fraction of the river discharge in any channel would lead to the 
same reduced fraction of the river discharge at the outlet. Nonetheless, the existence of the connecting channel 
that changes the topological structure of the CNSs, not surprisingly, also changes their vulnerability. Specifically, 
the existence of the connecting channel tends to reduce the vulnerability of CSN2 (Figure 6b), whilst it has no 
effect on CSN1. The decrease in vulnerability suggests that a reduced fraction of the discharge in any river chan-
nel of CSNs would lead to a less reduced fraction of the discharge at the outlet (Tejedor et al., 2015b).

Figures 6c and 6d show that the leakage index of the two CSNs both increase when the connecting channel 
exists in asymmetric scenarios, suggesting enhanced flow exchange between the two CSNs. Specifically, the 
existence of the connecting channel can modulate the asymmetric water partitioning at the bifurcation by driving 
river discharge from CSN2 to CSN1 and act as a conduit that drains river discharge from CSN1 back to CSN2. 
Increasing the LI also tends to reduce the vulnerability of CSN2 by the enhanced flow exchange in the subnetwork 
(Figure 7), as suggested in Tejedor et al. (2015b).

4. Discussion
4.1. Mechanism of Connecting Channel on Flow Adjustment

The existence of the connecting channel can mitigate asymmetric water partitioning at the upstream river bifur-
cation and result in a larger difference in river discharges between the two outlets (Figure 4). The opposite effects 
are presumably due to the varying water surface slope between the upper and lower sections of the two branches 
modulated by the connecting channel. Figure 8a shows the water level along the upstream channel and the two 
downstream branches. As different water levels were imposed at the two outlets, the water surface slopes down-
stream of the bifurcation must be different in the two branches when the connecting channel is absent, leading to 
a steeper water surface slope in branch II (red lines in Figure 8a). The difference in the water surface slope thus 
creates asymmetric water partitioning at the upstream river bifurcation (Figure 4a).

Figure 4. Asymmetry of water partitioning at the upstream bifurcation (ΔQb) against (a) upstream river discharge (Qu) and 
(b) different scenarios of connecting channels. CC refers to connecting channel.
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With the existence of the connecting channel between the two branches, the initial water level difference of the 
two branches (red line in Figure 8b) drives flow from branch I to branch II via the connecting channel, which in 
turn results in a converged water level in their upper sections (black lines in Figures 8a and 8b). As a result, the 
water surface slope increases and decreases in the upper sections of branches I and II, respectively (Figure 8c). 
Therefore, the differences in water level and water surface slope between the upper sections of the branches gradu-
ally diminish, leading to the modulation of asymmetric water partitioning at the upstream bifurcation (Figure 4a). 
Downstream of the connecting channel, the water level difference between the two branches increases at a higher 
rate as the water level approaches the different water levels imposed at the two outlets (Figure 8b). As a result, the 
difference in water surface slopes between the lower sections of the branches also increases (Figure 8d), leading 
to the increases of river discharge difference between the two outlets ΔQo (Figure 5a).

In this study, despite the generally increasing water surface slope in the river network with increasing river 
discharge, Figure 9 shows that the water surface slope difference between the upper sections of the two down-
stream branches (ΔSu) decreases, which is consistent with the less asymmetric water partitioning at the upstream 
river bifurcation with increasing river discharge (Figure 4a). Consistent with the findings in Figures 4b and 5b, a 
wider and deeper connecting channel can reduce or increase the water surface slope difference between the upper 
and lower sections, respectively, of the two downstream branches (Figure 9).

The modulation of asymmetric water partitioning at the upstream bifurcation due to downstream controls can also 
be found in previous studies. In the “bifurcation-confluence unit” where the two downstream branches rejoin at 
a confluence, Ragno et al. (2021) suggested that the water level for the branch with higher discharge increased 
at the confluence and thus reduced its water surface slope. The decreasing water surface slope in the dominant 
branch in turn reduced its river discharge, mitigating the asymmetric water partitioning at the upstream bifurca-
tion. The reduction in the water surface slope in the branch with higher discharge to modulate the asymmetric 
water partitioning at the upstream bifurcation is similar to our study. Notably, recent studies have also shown 
that tides with a certain range also tend to result in symmetric water partitioning at a single bifurcation without 
connecting channels (Iwantoro et al., 2022; Ragno et al., 2020).

Figure 5. River discharge difference between the two outlets (ΔQo) against (a) upstream river discharge (Qu) and (b) different 
scenarios of connecting channels. CC refers to connecting channel.
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The results of this study were verified in principle against natural cases. The Dongjiang River bifurcates into 
south and north branches at the apex (located at Shilong) (see Figure S9 in Supporting Information S1). The two 
branches interconnect each other by the further downstream channels, which could collectively act as proxies 
for connecting channels. The asymmetry of water partitioning at the delta apex decreases with increasing river 
discharge (Huang et al., 2022), which is consistent with our findings (Figure 4). Shaw et al. (2021) also showed 
that the dredging of new connecting channels for navigation in the channel network of the lower Atchafalaya 
River leads to a decreasing water surface slope in the dominant channel, which is consistent with our results 
(Figure 8). Interestingly, according to Konkol et al. (2022), deltaic channel networks are also similar to systems 
such as leaf vascular networks, where the numerous secondary connecting veins link main veins and thus create 
loops in the network to improve the resilience of the network to perturbations such as vein damage and variations 
in flow (Katifori et al., 2010).

Figure 6. Panels (a and b) are global vulnerability (V), and (c and d) are leakage index (LI) of different contributing subnetworks (CSNs) for different simulation 
scenarios. Qu is the upstream river discharge, and CSN and CC refer to the contributing subnetwork and the connecting channel, respectively.
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4.2. Importance for the Evolution and Restoration of Deltaic River 
Networks

The existence of the connecting channel can modulate asymmetric water parti-
tioning at the upstream bifurcation (Figure 4), which could further affect the 
long-term morphodynamic equilibrium of the bifurcation per se (Edmonds 
et  al.,  2021; Kleinhans et  al.,  2013; Wang et  al.,  1995). Not surprisingly, 
the existence of the connecting channel tends to mitigate the difference in 
sediment supplies to the two branches (see Figure S7 in Supporting Informa-
tion S1). However, the augmentation of the river discharge difference at the 
two outlets leads to increasing sediment export of the river network due to the 
nonlinearity between sediment transport and flow velocity (Ma et al., 2020), 
that is, increasing river discharge at one outlet leads to disproportionately 
increasing sediment export that outweighs the reduction in sediment export at 
the other outlet (see Figure S8 in Supporting Information S1). This suggests 

that given an identical total river discharge, its variable partitioning can lead to different sediment transport 
capacities in the river network. The increasing sediment export could generally lead to less sedimentation of river 
channels and thus enhanced flood safety. Furthermore, the results show that the asymmetry of water partitioning 
at the upstream bifurcation decreases with increasing upstream river discharge (Figure 4), which implies that the 

Figure 7. Global vulnerability (V) against leakage index (LI) of contributing 
subnetwork 2 for different simulation scenarios with connecting channels.

Figure 8. (a) Water level along the two downstream branches for representative scenarios with Qu = 2,500 m 3/s. (b) Water level difference (ΔH) along two branches. 
The gray shaded area marks the positions of the bifurcation and the connecting channel. CC in the legend refers to the connecting channel. Panels (c and d) are the 
average water surface slopes of the upper and lower sections of the two downstream branches.
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geomorphologically relevant flows that maintain the connecting channels tend to be smaller, which might help 
explain why these connecting channels often appear much smaller than the main distributary channels in real 
deltas. However, the long-term morphological evolution of river channels can in turn affect the water partitioning 
and sediment transport (Bolla Pittaluga et al., 2015; Edmonds & Slingerland, 2008; Wang et al., 1995). These 
complexities are beyond the scope of this study and are recommended in future studies.

Although the river discharge difference between the two outlets tends to be greater with the existence of the 
connecting channel, the vulnerability of the river network is reduced due to the enhanced flow exchange between 
different river channels (Figures 6 and 7). Therefore, we proposed a conceptual model to illustrate the importance 
of connecting channels in a large-scale river network as shown in Figure 10. In large-scale river networks, the two 
main bifurcating branches can interconnect each other via many further downstream connecting channels. These 
connecting channels in deltaic river networks act collectively as “connected vessels” between two bifurcating 
river channels, enhancing flow exchange, modulating upstream water partitioning and reducing vulnerability 
in the river network. Furthermore, these connecting channels create more channel volume to store large floods 
and help adjust the water level difference between two branches (reduce water level in the dominant branch and 
increase water level in the other branch, see Figure 8). The decreasing higher water level in the dominant branch 
could also increase flood safety in river deltas since the risk of flooding largely depends on the extreme water 
level (Ma et al., 2022; Merz et al., 2021).

4.3. Implications for Floodplain Management

Connecting channels can be relatively small in scale, which are thus easily subject to increasing human inter-
ventions in floodplains (e.g., Bain et al., 2019; Cox et al., 2021; Irwin, 1968; Mazzoleni et al., 2021), such as 
reclamation and construction of flow-regulation devices in densely populated floodplains (Figure 10; see also 
Figure  1b), resulting in shallower or narrower connecting channels and even the blockage of the connection 
altogether (e.g., Irwin, 1968; Swanson et al., 2017). A shallower and/or narrower connecting channel plays a 
lesser role in modulating the asymmetry of water partitioning and reducing the vulnerability (Figures 4b and 6). 
Additionally, these connecting channels are also of important ecological value for providing aquatic habitats 
(Abrial et al., 2019). As such, human intervention in connecting channels and its consequences need to be prop-
erly monitored and assessed.

Previous studies have suggested that water partitioning at river bifurcations can be increasingly more asymmetric 
as a result of unevenly deepening river channels due to excessive sand mining (e.g., Chen et al., 2022; Huang 

Figure 9. Water surface slope difference between the (a) upper (ΔSu) and (b) lower (ΔSl) sections of the two downstream 
branches for different scenarios of connecting channels. Qu is the upstream river discharge, and CC refers to the connecting 
channel.
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et al., 2022). Presumably, the reclamation of the floodplain due to urbanization in the delta could potentially 
result in narrowing connecting channels or loss of connecting channels between the branches (Figure 10). On the 
one hand, the shrinkage of connecting channels could affect the flow and sediment exchanges between rivers and 
their floodplains (Sumaiya et al., 2021; Tull et al., 2022). On the other hand, this could also lead to a decreasing 
modulating capacity of water partitioning at the upstream bifurcation and hence the hydrological connectivity of 
the river network. We thus suggest the protection and restoration of floodplain connecting channels, as they can 
act as an effective conduit and critical path for the hydrological connectivity of deltaic river networks.

4.4. Limitations of This Study

In this study, we examined the effects of connecting channels as a downstream control on modulating water 
partitioning at upstream bifurcations. The results suggest that the connecting channel can modulate asymmetric 
water partitioning at upstream bifurcations by balancing the water level at the two junctions and thus reducing 
the water surface slope difference between the upper sections of the two branches. Notably, the modulation of the 
water surface slope is dependent on the length and original water levels at the two junctions. As such, the loca-
tions of the connecting channels relative to the bifurcation could affect their modulating function and need to be 
accounted for in making relevant assessments (see Figures S10 and S11 in Supporting Information S1). Further-
more, the long-term evolution of bed elevation and the adjustment of channel width could also be considered, 
as morphological changes can also feedback on the bed elevation of the branches and water partitioning of the 
upstream bifurcation (Kleinhans et al., 2013; Shaw et al., 2021). Such an effect is worth further pursuit in future 
studies, with one-dimensional models recommended to fully explore a wider parameter space.

The numerical simulations were conducted in a simple yet representative channel network, that is, the 
“bifurcation-connecting channel” unit, which provides a first step toward understanding how the interaction 
between interconnected channels can affect the water distribution and hydrological connectivity of a river 
network. Nonetheless, in large-scale river networks where multiple channels can have more complex topological 

Figure 10. (a) Conceptual model illustrating the flow exchange between branches via connecting channels in a larger river network and their responses to human 
interventions on the floodplain. (b) Sluice gate on a connecting channel cutting through a populous floodplain in the Hanjiang Delta, Guangdong, China. (c) Vanishing 
connecting channels due to land reclamation in the islands of the Hunter River Estuary, Newcastle Australia (see Irwin (1968) and Swanson et al. (2017)). Satellite 
images are from Google Earth (https://earth.google.com/).
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structures than the “bifurcation-connecting channel” unit, the hydrodynamic interactions between different chan-
nels can lead to emergent behaviors that are not captured in this study. The dynamics of large-scale river networks 
require further studies.

5. Conclusions
How connecting channels that connect the downstream branches affect water partitioning at the upstream bifur-
cation was investigated using idealized numerical simulations in Delft3D. The cascading impacts on the hydro-
logical connectivity of a basic deltaic river network were further examined. The main conclusions are as follows:

1.  A connecting channel can mitigate the asymmetry of water partitioning at the upstream bifurcation and yet 
augment the river discharge difference between the two downstream outlets.

2.  The above contrasting effects are due to a spatially varying modulation on the difference in water surface slope 
between the upper and lower sections of the two branches thus divided by the connecting channel. Specifi-
cally, the difference in water surface slope decreases in the upper sections and increases in the lower sections.

3.  A connecting channel enhances the flow exchange of the channel network to improve its hydrological connec-
tivity and therefore reduces the vulnerability of the network to flow alteration.

This study is a first step toward understanding how floodplain connecting channels act as conduits to modulate 
asymmetric water partitioning at river bifurcations and examines their cascading impacts on the hydrological 
connectivity as well as the evolution and restoration of deltaic river networks. The findings of this study suggest 
the importance of preserving natural connecting channels or creating proper artificial channels in floodplains for 
the protection and restoration of deltaic river networks. As a follow-up of the current study, adoption of more 
complex geometry of the river channels and location of the connecting channel, as well as incorporation of exter-
nal forcing, such as tides (Buschman et al., 2010; Iwantoro et al., 2022; Ragno et al., 2020; Swinkels et al., 2009), 
can be explored in the future.

Data Availability Statement
The Delft3D model setup files for the hydrodynamic simulations of the river network are available at a repository 
on Zenodo (https://zenodo.org/record/7538334#.Y8PKFS-KFQI).
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