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How does the downstream boundary affect avulsion dynamics in a
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Abstract. Bifurcations play a major role in the evolution of landscapes by controlling how fluxes such as water and sediment
are partitioned in distributary and multi-thread channel networks. In this paper, we present the first experimental investigation
on the effect of the downstream boundary on bifurcations. Our experiments in a fixed-wall Y-shaped flume consist of three
phases: progradation, transitional, and bypass; the first two phases are net depositional, whereas during the third, the sediment
flux exiting the downstream boundary matches the input on average. We find that deposition qualitatively changes bifurcation
dynamics; we observe frequent switching in the discharge partitioning under net depositional conditions, whereas bypass results
in long periods of time where one branch captures most of the flow. We compare our results with a previously developed model
for the effect of deposition on bifurcation dynamics. The switching dynamics we observe are more irregular and complex
than those predicted by the model. Furthermore, while we observe long periods of time where one branch dominates under
bypass conditions, these are not permanent, unlike in the model. We propose that the range of switching timescales we observe
arises from a complex interplay of downstream-controlled avulsion, and the effect of bars in the upstream-channel, including
previously unrecognized long-timescale dynamics associated with a steady bar. Finally, we describe bifurcation experiments
conducted with sand but no water. These experiments share the essential feedbacks of our fluvial bifurcation experiments, but
do not include bars. In these experiments, we find that the sandpile grows symmetrically while it progrades, but bypass leads to
one branch permanently capturing all avalanches. We conclude that the downstream control of deposition vs. bypass is likely a

major influence on bifurcation dynamics across a range of physical systems, from river deltas to talus slopes.

1 Introduction

Fluvial bifurcations are common in depositional systems such as deltas and alluvial fans, as well as braided and anastamosing
rivers (Kleinhans et al., 2013). Non-fluvial bifurcations are also observed on debris flow fans (De Haas et al., 2018), submarine
channels (Limaye et al., 2018), and lava flow networks (Dietterich and Cashman, 2014). Bifurcations are the ‘switches’ that
steer fluxes such as water and sediment through distributary and multi-thread channel networks, controlling the evolution and
form of the resulting landscape — for instance, controlling where land is built and/or maintained in river deltas.

Although bifurcations are common in depositional systems, most previous studies on bifurcation flow partitioning (Bolla Pit-

taluga et al., 2003; Edmonds and Slingerland, 2008; Bolla Pittaluga et al., 2015; Redolfi et al., 2016) have assumed no net
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deposition (i.e. sediment bypass). This work has shown that bifurcations are susceptible to internal instability, where given a
small initial perturbation, the bed morphology of the bifurcation evolves in such a way that an initially symmetric discharge
partitioning becomes increasingly asymmetric. Depending on the interplay between a positive feedback favoring the deepen-
ing of one branch, and the negative feedback of cross-stream sediment transport, a symmetric bifurcation is either stable or
unstable; in the latter case there may be a stable asymmetric configuration. Here, we use “stability” in the mathematical sense:
an equilibrium is unstable if a small perturbation causes the system to diverge from that equilibrium (for example, a pencil
balancing on its point is in unstable equilibrium), and stable if the system returns to its original state after a small perturbation
(e.g., the pencil resting on its side). The stability is affected by multiple parameters, but arguably the most important is the
width-to-depth ratio (i.e. aspect ratio). At low values of the width-to-depth ratio, symmetric bifurcations are stable; at high
values, they become unstable.

While this aforementioned work assumes a symmetric bifurcation geometry and forcing, additional work has shown that
asymmetry in boundary conditions produces a bias in the flux distribution. For example, Kleinhans et al. (2008) showed that
an upstream meander steers flow in a bifurcation, and Bertoldi et al. (2009) studied the role of migrating bars in steering the
flow. Imposing a difference in the downstream slopes also results in a bias (Bolla Pittaluga et al., 2003). Redolfi et al. (2019)
synthesized the contribution of internal instability versus external forcing, showing that bifurcations without internal instability
are completely controlled by the forcing, but when internal instability is present, for small forcings, bistability occurs, whereas
for large forcing, only a single solution exists.

Edmonds et al. (2011) observed that deltas distribute sediment flux asymmetrically between their branches, which would be
expected to lead to a highly asymmetric shoreline as branches receiving more sediment prograded faster. To prevent runaway
asymmetry in the shoreline, they hypothesized that over time, a delta might redistribute its flux without creating or destroying
any branches, a process they termed ““soft avulsion.”

To explore this effect, Salter et al. (2018) (hereafter SPV) added deposition to the theoretical model of Bolla Pittaluga et al.
(2003). Bolla Pittaluga et al. (2003) showed that without net deposition, a bifurcation evolves towards a frozen state, either a
stable symmetric state or a stable asymmetric state arising when the symmetric state becomes unstable. However, SPV showed
that system-wide deposition produces ongoing avulsion dynamics, with behavior ranging from stable symmetry to soft avulsion
up to full avulsion, depending on the parameters of the system. Deposition has a similar qualitative effect regardless of whether
it occurs due to progradation or via purely vertical aggradation. Under symmetric forcing conditions, deposition prevents the
occurrence of a steady asymmetric state.

Bertoldi and Tubino (2007) ran a set of bifurcation experiments in a Y-shaped fixed-wall flume with an erodible bed. They
ran several experiments across a range of upstream channel aspect ratios and Shields stresses. They found that experiments with
relatively high Shields stresses and/or low aspect ratios maintained a close to symmetric discharge partitioning. On the other
hand, experiments with a larger aspect ratio and/or lower Shields stress became asymmetric. In some of these experiments, the
bifurcation evolved towards a stable asymmetric state, where the discharge partitioning remained close to constant indefinitely.

However, other experiments displayed large oscillations in the discharge partitioning associated with migrating bars. In these
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experiments, the branch capturing the majority of the discharge switched back and forth during the course of an individual
experiment, alternating between asymmetric states in which one branch was favored or the other.

Bertoldi et al. (2009) performed additional experiments and theoretical analysis to better understand the role of migrating
bars in the dynamics of bifurcation flow partitioning. On the basis of their theory, and with strong agreement from their experi-
ments, they classified bifurcations under the influence of migrating bars into four categories: “balanced," where the bifurcation
remains close to symmetric and migrating bars induce only small oscillations in the discharge partitioning; “bar-perturbed,”
where bars induce small oscillations about an asymmetric state; “bar-dominated,”" where bars induce large oscillations in the
flow partitioning, causing the asymmetry to switch back and forth from one branch to the other; and “one branch closed”,
where all of the discharge goes down a single branch. They found that the boundaries of these four phase regions were set
primarily by the aspect ratio and Shields stress of the upstream branch.

In this paper, we investigate the role of the downstream boundary in controlling the dynamics in a set of laboratory fluvial
bifurcation experiments, which for the first time include the effect of system-wide net deposition. Our experiments included
both net-depositional and bypass stages, allowing us to isolate the effect of deposition on the dynamics of the bifurcation, and
thereby test the theory of SPV. Consistent with the theory, we find that deposition results in more frequent avulsions, whereas
bypass leads to long periods of time where one branch captured the majority of the flow. However, unlike in the SPV theory,
bypass does not stop avulsion entirely. We also find that the avulsion dynamics are significantly more complex than the simple
oscillations predicted by theory. Additionally, to remove the effect of bars and extend our work to non-fluvial bifurcations,
we ran an experiment with sand but no water, and found that avalanches occurred in both branches during progradation, but
ultimately went down a single branch under bypass. Overall, our results indicate that deposition increases the frequency of

bifurcation avulsion, but rich switching dynamics occur even without net deposition.

2 Fluvial Bifurcation Methods
2.1 Experiment Design

We performed a series of five experiments in a fixed-wall Y-shaped flume (Fig. 1). The upstream branch was 0.9 m long,
and the two downstream branches were 2.1 m long measured along the outside wall. Roughly following hydraulic geometry
scaling, the upstream branch was 0.1 m wide, and the two downstream branches were both 0.07 m wide. The angle between the
two downstream branches was 16 , which is a relatively low angle compared to delta bifurcations in nature (Coffey and Shaw,
2017). We selected a narrow angle due to space constraints and to reduce shadows in the topographic scans. We note that angle
does not play a role in the quasi-1D model of Bolla Pittaluga et al. (2003), and Thomas et al. (2011) found that angle has little
effect on discharge partitioning in fixed-bed experiments. Water and sediment were introduced from upstream and fed directly
into a rock crib, which diffused the flow. In each branch, a 30 mm high broad-crested weir acted as the downstream boundary
condition. We leveled the table supporting the flume such that when no sediment was fed, the water discharges in each branch

were nearly equal.
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Figure 1. a) Schematic side-view of an experiment. As water and sediment are fed from upstream, the delta deposit grows and progrades until
it reaches the downstream weir. The downstream weir is also responsible for setting the base level. b) Overhead image from an experiment,

showing the geometry of the Y-shaped bifurcation flume.

The purpose of our experiments was to test the effect of net deposition on bifurcation dynamics. Our usage of the term
“deposition” here refers to the system-wide mass balance condition that the sediment flux input exceeds the sediment flux
exiting the downstream boundary. In contrast, we define “bypass” as the condition that the sediment flux input and output are
in balance on average. Because the sediment flux input from upstream is fixed, the downstream boundary controls whether the
system is net-depositional or in bypass. We note that local deposition (e.g. due to bar migration) can occur even when the system
is in a bypass state. Each experiment consisted of three phases. Starting from an empty flume with no initial slope, we fed water
and sediment continuously from upstream. In all three experiment phases, water freely runs off over the downstream weirs. In
the first phase of the experiment, progradation, all sediment is trapped within a growing delta that progrades down each branch,
and therefore no sediment exits over the downstream weirs. In the second phase of the experiment, the transitional stage, the
delta fronts reach the downstream weirs and some sediment begins to exit over the downstream weirs, but the sediment output
is smaller than the sediment input, meaning that the system is still net-depositional. Finally, the last phase of the experiment is

bypass, where on average all of the sediment fed from upstream exits downstream.



