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Abstract

A physically rational model for river width is critical to predict macroscopic landscape evolution driven by fluvial sediment

transport. Growing evidence suggests that rivers widen until the stress exerted by the fluid on the bed surface is close to the

critical entrainment stress of the bank material. In this study, we test the limits of this model as a closure assumption in

dynamically evolving river systems. We consider a simple laboratory channel with a fixed water discharge, monodisperse bed

material, no sediment supply, and an initial relief that was sufficiently large to guarantee a finite transport capacity. Over

time, the transport capacity approaches zero through changes in channel morphology. Concurrent measurements of width and

sediment load highlight departures from theory that mirror empirical trends in bankfull alluvial rivers. We suggest that lateral

instability limits channel width at high sediment loads.
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Key Points:5

• Sediment discharge approaches zero in a laboratory river with no sediment sup-6

ply.7

• Width diverges from threshold prediction but follows empirical trends in alluvial8

rivers.9

• Lateral instability appears to limit width when sediment discharge is high.10
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Abstract11

A physically rational model for river width is critical to predict macroscopic landscape12

evolution driven by fluvial sediment transport. Growing evidence suggests that rivers13

widen until the stress exerted by the fluid on the bed surface is close to the critical en-14

trainment stress of the bank material. In this study, we test the limits of this model as15

a closure assumption in dynamically evolving river systems. We consider a simple lab-16

oratory channel with a fixed water discharge, monodisperse bed material, no sediment17

supply, and an initial relief that was sufficiently large to guarantee a finite transport ca-18

pacity. Over time, the transport capacity approaches zero through changes in channel19

morphology. Concurrent measurements of width and sediment load highlight departures20

from theory that mirror empirical trends in bankfull alluvial rivers. We suggest that lat-21

eral instability limits channel width at high sediment loads.22

Plain Language Summary23

River channel width influences the rates and locations of large-scale geomorphic24

change. Recent studies argue that channel width is set by a balance between fluid and25

gravitational forces acting on sediment particles that make up the banks and bed. Here,26

we test whether this principle constrains the width of an incising laboratory river. Width27

remains roughly constant throughout the experiment, diverging from physical theory but28

mirroring observations of real rivers. To explain this behavior, we suggest that lateral29

instability prevents the formation of very wide, shallow river channels.30

1 Introduction31

Earth’s surface is sculpted by water. In subaerial landscapes, water flows down to-32

pographic gradients and brings sediment on its journey from high to low elevations, re-33

ducing global relief over time. This process is usually unstable: feedbacks between flow,34

sediment transport, and topography amplify small perturbations and produce emergent,35

self-organized landforms like rivers, rills (Izumi & Parker, 2000; Loewenherz-Lawrence,36

1994; Schorghofer et al., 2004), dunes, ripples, antidunes, and chevrons (Smith, 1970; En-37

gelund & Fredsoe, 1982; Charru et al., 2013; Andreotti et al., 2012). The spontaneous38

formation of river channels is particularly important in the context of global geomorphic39

change because rivers enable transport of large volumes of material across low-gradient40

landscapes.41

Climate, tectonics, and lithology provide the boundary conditions for fluvial pro-42

cesses. To model landscape evolution at this scale, rivers are typically represented as branch-43

ing, one-dimensional conduits of water and sediment. Averaging over the recurrence in-44

terval of a formative, or “bankfull” flow condition (Wolman & Miller, 1960) introduces45

a logical separation between stochastic noise and macroscopic signals and allows a con-46

venient simplification wherein each point on a river network (i.e., a “reach”) is param-47

eterized by characteristic values of state variables related to the flow, sediment load, chan-48

nel geometry, bed composition, and fluxes across the channel boundary. Mathematical49

models for macroscopic river evolution may then be derived from conservative and con-50

stitutive relations between these state variables (Parker et al., 1998; Wickert & Schild-51

gen, 2019). However, this effort has been hindered by a closure problem that is some-52

times framed in terms of a missing equation for channel width (e.g., Parker, 1978; Paola53

et al., 1992; Parker et al., 1998; Dunne & Jerolmack, 2020; Phillips et al., 2022). Chan-54

nel width is a key parameter for modeling reach-averaged sediment transport because55

it scales the fluid boundary stress associated with a given water discharge which, in turn,56

predicts the transport rate of different sediment sizes (e.g., Wilcock & Crowe, 2003; Wright57

& Parker, 2004). A physically-based model for channel width is therefore critical to un-58

derstand the organization of fluvio-deltaic landscapes, predict and manage river response59
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to human disturbance, and interpret past environmental conditions from the sedimen-60

tary record on Earth and Mars.61

Over the last four decades, numerous studies have advanced the notion that river62

channels adjust their width W so that the stress exerted by the fluid on the bed surface63

at the bankfull flow condition τ is close to the critical stress needed to mobilize the ma-64

terial that makes up the banks and bed, τc (Phillips et al., 2022, references therein). This65

basic reasoning is encapsulated by the “1 + ε” model, i.e.,:66

τ = (1 + ε)τc (1)

where ε � 1. Despite its broad appeal, this model lacked rigorous theoretical justifi-67

cation until recently due to the inherent difficulty of modeling hydraulics and sediment68

transport over arbitrarily sloping beds (e.g., Seminara et al., 2002; Parker et al., 2003).69

Popović et al. (2021) present a comprehensive analysis of this problem that ultimately70

supports the 1+ε hypothesis. Although the detailed derivation and testing depends on71

the assumption that flow is laminar, the underlying physical reasoning is also thought72

to be valid for turbulent flows. Critically, their model describes a stable configuration73

where width is constant, there are no overbank fluxes, and the sediment load Qs is spa-74

tially uniform (dQs/dx = 0).75

What remains unclear is how channels achieve this stable state following a pertur-76

bation. This is problematic because rivers are continuously responding to climatic, tec-77

tonic, autogenic, and anthropogenic perturbations over a wide range of scales. Indeed,78

finite sediment loads are essentially an outcome of perturbation; the sediment load in79

any given reach integrates longitudinal gradients in transport rate over the contribut-80

ing drainage area, precluding globally-uniform transport conditions. Tight empirical scal-81

ing relationships suggests that rivers can quickly adjust their width in response to per-82

turbations (Phillips et al., 2022), and it may be reasonable to neglect small longitudi-83

nal gradients in sediment load for the purpose of predicting channel width in some cases.84

However, rapidly aggrading (Kim & Jerolmack, 2008) and incising (Croissant et al., 2017)85

channels exhibit dynamic changes in width that are not predicted by (1) but directly in-86

fluence locations and rates of geomorphic change. This observation prompts several ques-87

tions. First, what sets the relative timescales of adjustment of reach-averaged param-88

eters like width and sediment supply? Second, what are the limits of the 1 + ε model89

as a closure assumption in macroscopic morphodynamic models? In other words, is the90

modeling framework presented by Phillips et al. (2022) appropriate for predicting the91

the width of aggrading and incising channels?92

Presently, we investigate these questions using a simple laboratory experiment. Our93

objective was to create an incising alluvial channel (dQs/dx > 0) and document the94

transient process of adjustment towards the stable state (dQs/dx = 0). To this end,95

we carved a straight channel in uniform cohesionless substrate and imposed a constant96

water discharge. The initial relief was sufficiently large to guarantee a finite transport97

capacity but no sediment was supplied at the inlet. Because water discharge and grain98

size are fixed, the system achieves a stable state through morphological changes that re-99

duce the sediment transport capacity. Concurrent measurements of sediment discharge100

and width provide a direct test of the 1 + ε model as described in the next section.101

2 Theory102

The concept of channel “stability” implies morphological invariance through time.103

Per the Exner equation (Paola & Voller, 2005), topography is stable when divergence104

of the sediment flux is constant everywhere, i.e.:105

∂qs,x
∂x

+
∂qs,y
∂y

= −(1− p)Ψ. (2)
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Here, qs,x is the longitudinal component of the flux, qs,y is the lateral component of the106

flux, p is the bed porosity and Ψ is a rate of bed elevation change with respect to a da-107

tum that tracks uplift and subsidence. To predict channel width from physical theory,108

researchers seek solutions to (2) that incorporate simplified models for hydraulics and109

sediment transport. Recognizing that all rivers exhibit stochastic fluctuations in reach-110

averaged state variables like width, it is often implicitly assumed that such solutions de-111

scribe a deterministic expectation associated with a probabilistic ensemble of possible112

channel geometries conditional on appropriately defined boundary conditions.113

The “threshold” channel is a trivial solution to this problem where qs,x = qs,y =114

0. It follows that channel geometry balances fluid, friction, and gravitational forces act-115

ing on particles resting on the bed surface. Neglecting lateral diffusion of fluid momen-116

tum and assuming (a) the water discharge discharge Qw is fixed, (b) the bed material117

is uniform and cohesionless with a representative diameter D and (c) all of the flow re-118

sistance comes from grains, granular forces are balanced across the entire channel if the119

cross-sectional shape h(y) follows a cosine function with a constant aspect ratio of W/H =120

π2/(2µ) ≈ 7, where W is the width, H is the mean flow depth, and µ ≈ 0.7 is the crit-121

ical friction angle of the bed material, that is (Glover & Florey, 1951; Savenije, 2003; De-122

vauchelle et al., 2011; Seizilles et al., 2013):123

h(y) =
π

2
H cos

(πy
W

)
(3)

To accommodate a specified water discharge, width and slope S must satisfy124

W0 = D
π

α
√
µ

√
CfQw∗

τ
1/4
∗c

(4)

and125

S0 =
α
√
µ

Rτ
5/4
∗c√

CfQw∗
. (5)

Here, the subscript 0 denotes values of W and S predicted for the threshold channel, Qw∗ =126

Qw/
√
gRD5 is a dimensionless water discharge, τ∗c = τc/ρgRD is a dimensionless crit-127

ical stress for sediment motion, Cf =
√
gHS/U is a flow resistance factor, U is the mean128

flow velocity, R is the submerged specific gravity of the sediment, g is gravitational ac-129

celeration, and α = (8/π)1/4. While the precise value of α depends on the flow model,130

defensible choices evaluate to α = O(1). Throughout this paper, we assume fixed val-131

ues of Cf = 0.1, R = 1.66, g = 9.81m/s2, and τ∗c = 0.04 such that W0 and S0 de-132

pend only on Qw and D.133

The threshold solution was recently extended to include laminar channels with fi-134

nite sediment loads assuming that the sediment load is constant in the longitudinal di-135

rection (dQs/dx = 0) (Popović et al., 2021). This implies that Ψ = 0 and qs,y = 0 on136

the channel margins (i.e. there is no erosion or aggradation and no overbank fluxes) and137

allows (2) to be expressed as an ordinary differential equation that can be solved numer-138

ically. In this case, diffusive fluxes of sediment and fluid momentum exert first-order con-139

trol on the dimensionless excess stress ε = τ/τc − 1 which, in turn, scales the width140

averaged sediment flux qs = Qs/W per an appropriate sediment transport formula (e.g.,141

Wong & Parker, 2006). Mathematical, numerical, and experimental tests reveal two dis-142

tinct scaling regimes that are delineated by Qs. At low Qs, width is effectively constant143

and changes in sediment supply are accommodated through changes in ε. At high Qs,144

ε and qs saturate at fixed values ε0 and qs0, and changes in sediment supply are accom-145

modated through changes in width. Popović et al. (2021) find that ε0 ≈ 0.2, support-146

ing the hypothesis that rivers cannot maintain large excess stresses (i.e., ε� 1 as pro-147

posed by Parker, 1978). We propose the following expression to approximates this be-148

havior over the full range of sediment loads:149

W

W0
= (1 +Qks∗)

1/k. (6)
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Here Qs∗ = Qs/[qs0W0] and k is a parameter that scales the smoothness of the tran-150

sition between regimes at Qs∗ = 1. We find that k = 5 provides a reasonable fit to151

data presented by Abramian et al. (2020). This expression is identical to the 1+ε model152

except at very low transport rates (Qs∗ < 1). We emphasize that the laminar flow as-153

sumption simplifies their mathematical derivation; however, the underlying physical rea-154

soning is generally thought to be valid for turbulent flows.155

The relationship between width and slope can be predicted by substituting a sed-156

iment transport formula into (6). In effect, the result is identical to the 1+ε model ex-157

cept when S ≈ S0. Neglecting nonlinearity close to S0 leads to (Dunne & Jerolmack,158

2020):159

W

W0
=

1

(1 + ε0)3/2
S

S0
(7)

In other words, excess width is expected to increase in proportion to excess slope.160

In summary, Popović et al. (2021) show that the 1 + ε model constrains the re-161

lationship between W and Qs when dQs/dx = 0 up to the point where lateral insta-162

bility produces braiding. A key question is whether this relationship remains valid when163

dQs/dx 6= 0. This question is crucial because longitudinal gradients in transport rate164

are explicitly tied to macroscopic landscape evolution. Below, we present a direct em-165

pirical test of equation (6) using concurrent measurements of Q and W in an incising166

laboratory channel. Then, we reinterpret empirical trends in a global database of allu-167

vial rivers (Dunne & Jerolmack, 2018) in light of our experimental results and equation168

(7).169

3 Experiment170

3.1 Setup171

The experiment was conducted in a 1.2 m wide by 2.9 m long rectangular stream172

table elevated over a standing basin of water (Figure 1c). A wire mesh enclosure was placed173

at the upstream end and filled with gravel (D50 ≈ 2 cm) to dissipate fluid energy. This174

enclosure spanned the entire width of the stream table, allowing the channel to self-select175

its inlet width. The stream table was then filled with 0.3 m3 of sand with a measured176

density of ρs = 2.66 g/cm3, median diameter of D50 =0.4 mm, and base-2 logarithmic177

standard deviation of σφ = 0.72. The sand was leveled to a constant thickness of 12 cm178

except at the downstream end where the bed surface sloped downward towards the edge179

of the stream table. Then, a straight, triangular channel with banks at the angle of re-180

pose was carved down the center of the experimental domain.181

Water was pumped from the standing basin into a head tank, supplying a constant182

discharge of 0.16 L/s. Given these conditions and assumed values of fixed parameters,183

equation (4) predicts W0 = 9.1 cm. After filling the gravel enclosure, water flowed through184

the channel to the outlet and spilled over the edge of the metal platform into the stand-185

ing basin. In effect, this setup fixes the base level position throughout the duration of186

the experiment. Time t is measured from the instant that the water reached the down-187

stream end of the experimental domain.188

Lateral channel migration was unrestricted at the downstream end except by the189

sides of the stream table. The channel briefly touches one side but never touches both190

sides simultaneously; we argue that width was never restricted by the dimensions of the191

streamtable. Water discharge measured at the inlet and outlet differed by less than 5%,192

indicating that groundwater flow was negligible. Overhead photos and topography scans193

were collected throughout the experiment to quantify changes in channel width and sed-194

iment discharge. The overhead images were also used to ensure the water surface posi-195

tion in the head tank remained constant. The experiment was ended when there were196

–5–
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Figure 1. Experimental data and setup (a) an example elevation model after processing, (b)

an example orthorectified overhead photo and the output of our automated channel identification

algorithm (inset). (c) a schematic highlighting elements of the experimental setup.

–6–



manuscript submitted to Geophysical Research Letters

no observable changes in overhead photos over a period of 24 hours. This took approx-197

imately 340 hours (14 days).198

Below, we provide a brief overview of the data acquisition and analysis methods199

used in this study. Detailed processing workflows and a video of the experiment are avail-200

able with the published dataset (Ashley & Strom, 2022).201

3.2 Measurements of Sediment Discharge202

Sediment discharge is calculated from repeat scans of topography (Figure 1a) ob-203

tained using a SICK Ranger E50 3-D laser scanning system mounted to a moving cart204

(see also: Hoyal & Sheets, 2009; Hamilton et al., 2015). The scan interval was increased205

from 30 minutes to 8 hours throughout the experiment. Each scan comprises 9 overlap-206

ping passes with the laser system, producing between 3 and 9 measurements of bed el-207

evation for every 1 mm × 1 mm region of the bed. Measurements were merged using a208

custom algorithm to obtain final elevation models at 1 cm resolution.209

The average sediment discharge Qs(x, t0, t1) past the longitudinal position x be-210

tween two topography scans obtained at t0 and t1 is estimated by dividing the change211

in sediment volume upstream of x by the time between scans, t1−t0. A detailed derivatin212

of this expression is presented by Ashley and Strom (2022). Throughout the remainder213

of this paper, we interpret the average sediment discharge Qs(x, t0, t1) as a proxy for the214

instantaneous ensemble average at t =
√
t0t1, the geometric midpoint of t0 and t1. In215

total, we report 676 measurements of sediment discharge corresponding to 26 different216

times and 26 different longitudinal positions.217

3.3 Measurements of Channel Width218

Channel width was estimated from overhead photos (Figure 1b) collected at an in-219

terval that increased from 1 to 16 minutes throughout the experiment. No images were220

acquired from approximately t = 17.2 to t = 23.2 hours due to a camera malfunction.221

Images were also not acquired for approximately six minutes during each topography scan.222

An automated channel identification algorithm was used to extract 2680 width mea-223

surements (at 1 mm longitudinal resolution) each from 3498 images. The main element224

of this algorithm is a logistic regression model (fit using three manually digitized chan-225

nel masks) that predicts the probability that each pixel is part of the channel as a func-226

tion of lightness-corrected red, green, and blue bands. Probabilities are predicted for each227

pixel, smoothed in space, and thresholded at p =0.5. Finally, width is calculated by sum-228

ming the total number of channel pixels at each longitudinal position and multiplying229

by the pixel width. This approach correctly differentiates between wet and dry pixels230

with 97% accuracy in the training dataset. 68% of the predicted widths lie within a fac-231

tor of 1.2 of the measured width, and all widths lie within a factor of 1.9 of the measured232

width. The algorithm was spot-checked to ensure results are reasonable outside the train-233

ing dataset. Finally, average widths are computed at a spatiotemporal resolution that234

matches the 676 reported sediment discharge measurements to enable a direct compar-235

ison of these quantities.236

4 Phases of Adjustment237

The data described above document transient river adjustment at an unprecedented238

level of detail. In this section, we integrate data and observations to identify key pro-239

cesses associated with morphologically-mediated relaxation towards the threshold state.240

Our goal is to establish a phenomenological context for the comparison of data and the-241

ory presented in Section 5.242
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Figure 2. Spatial and temporal evolution of the sediment discharge. Panels (a) and (b) show

collapsed raw data (insets) to highlight the predominant trend described by equations (8) and

(9). Only data from the exponential phase are plotted in panel (b). Means and 95% confidence

intervals (CI) are computed from collapsed data.

Measurements of sediment discharge (Figure 2, insets) and qualitative changes in243

channel behavior observed in timelapse images (Ashley & Strom, 2022) indicate that mor-244

phological evolution is fastest at the beginning of the experiment and then slows over245

time. We identify three distinct intervals, referred to throughout the remainder of this246

paper as “initial”, “exponential” and “autogenic” phases of adjustment. Most (75%) of247

the morphological change occurs during the exponential phase which begins at t ≈ 1.25248

hours and ends at t ≈ 90 hours. This phase is characterized by a highly regular pat-249

tern of spatial and temporal variability in the average sediment discharge, while the ini-250

tial and autogenic phases are characterized by deviations from this pattern (Figure 2).251

Approximately 15% of the total geomorphic change occurs during the initial phase and252

10% occurs during the autogenic phase.253

During the exponential phase, the sediment discharge Qs(x, t) at each cross-section254

(i.e., each x) decreases exponentially over time (Figure 2a, Exponential Phase), i.e., is255

well described by:256

Qs(x, t) = Q′s(x)e−t/Tc . (8)

Here, Q′s(x) is a parameter that is analogous to an initial sediment discharge at x (see257

below) and Tc is a characteristic exponential timescale. A single value of Tc = 11 hours258

provides a good fit for every x, and the longitudinal profile of the sediment load main-259

tains a constant shape, varying in uniform proportion to Q′s(x). The following expres-260

sion constrains this shape (Figure 2b):261

Q′s(x)

Q′s(L)
=
Q′s(0)

Q′s(L)
+
( x
L

)2
. (9)

Here, L is the length of the experimental domain. Thus, the sediment discharge at any262

x and t can be predicted from four parameters: Q′s(0), Q′s(L), Tc, and L. Note that the263

a finite best-fit value of Q′s(0) reflects a boundary effect characterized by enhanced bank264

erosion where flow accelerates at the inlet. This effect is visible as an incipient triangu-265

lar wedge on the left side of Figure 1. Because the boundary effect is relatively small,266

assuming Q′s(0) = 0 provides a good fit except near the upstream boundary (Figure 2b).267
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Prior to t = 1.25 hours, measured sediment discharges are significantly higher than268

predicted from the best-fit exponential function (Figure 2a, Initial Phase). Consequently,269

Q′s(x) is not the true sediment discharge at t = 0; rather, it is a parameter that scales270

the sediment discharge during the exponential phase.271

We suggest that the spatially-uniform exponential timescale is indicative of a quasi-272

stable condition where local state variables are dictated entirely by the global configu-273

ration of the system. In other words, the parameters Q′s(L), and Tc are governed by global274

boundary conditions like Qw, D, L, and the initial relief. Recognizing that the initial275

channel was straight and had a triangular shape with banks close to the angle of repose,276

we believe the enhanced transport during the initial phase reflects rapid morphological277

changes that lead to this quasi-stable configuration. This conclusion is supported by rapid278

changes in width in the first 20 minutes of the experiment (Figure 3) and increases in279

sinuosity observed in timelapse images.280

Although spatially uniform exponential relaxation is not predicted by existing phys-281

ical theory, we note that the the total average longitudinal flux Qs/1.2 m, (i.e. averag-282

ing over the width of the experimental domain including the channel and floodplain) fol-283

lows a solution for one-dimensional landscape evolution driven by linear diffusion. Our284

simple fluvial landscape exhibits rich similarity to diffusion-dominated landscapes like285

hillslopes, supporting a hypothesis proposed by Reitz et al. (2014).286

Significant departures from exponential relaxation are observed after t = 90 hours.287

During this time, autogenic pulses of incision are separated by periods of relative sta-288

sis. Broadly, we believe this behavior is an outcome of nonlinearity in transport rate as289

a function of shear stress close to the threshold of sediment motion. Departures may also290

reflect a failure of the assumption that short temporal averages are a good proxy for en-291

semble averages. The overall effect is that intermittent transport processes appear to per-292

sist for much longer than expected given the exponential trend observed during the pre-293

vious phase.294

5 Channel Width295

5.1 First Order Trend296

Our simplified approximation of the model presented by Popović et al. (2021) (Equa-297

tion 6), predicts that widths should increase in proportion to Qs when Qs > qs0W0.298

Throughout the experiment, measurements of Qs vary by a factor of O(105), leading to299

predicted widths that are as large as O(102)×W0. However, measured widths remain300

within a factor of O(101) of the threshold width throughout the experiment (Figure 3a).301

We emphasize that this result is incompatible with the 1 + ε model and the model of302

Popović et al. (2021). Most importantly, widths do not increase with Qs∗ as expected303

when Qs∗ > 1 as shown in figure 3b.304

Although our results are not compatible with the 1+ε model, they are consistent305

with first-order empirical trends in bankfull alluvial rivers (Figure 3c). Dunne and Jerol-306

mack (2018) show that rivers remain close to W0 across a wide range of conditions and307

settings, even when they are significantly steeper than the S0. Additionally, the range308

of W/W0 values observed in our experiment is comparable to the range of values observed309

in bankfull alluvial rivers on Earth’s surface.310

This result is significant because hydraulic considerations require311

τ

τc
=

[
S

S0

W0

W

]2/3
. (10)

Thus, if W ≈ W0 and S � S0, then τ � τc. This relationship is highlighted by iso-312

contours of constant τ/τc in Figure 3c. The same isocontours are plotted in Figure 3b313

–9–
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Figure 3. Width measurements compared with theory and other data. Although the mag-

nitude of width fluctuations varies in space and time, the central tendency remains close to W0,

mirroring empirical trends in field and laboratory data. (a) High resolution measurements of

width at three representative cross section. (b) Comparison of average widths and sediment dis-

charges with (6). Note that qs0 is the sediment flux corresponding to ε = 0.2 and is computed

after Wong and Parker (2006) for our experiment. This is appropriate because flow is turbulent

and inferred stresses cannot suspend bed material. (c) Comparison of field (Dunne & Jerolmack,

2018) and laboratory (Métivier et al., 2017) data with equation (7).

–10–
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assuming qs = f(τ) per Wong and Parker (2006). Note that these isocontours are plot-314

ted for illustrative purposes; our primary result is not sensitive to the choice of bedload315

transport formula used here.316

Several mechanisms have been proposed to explain this observation including en-317

hanced bank strength (e.g., Dunne & Jerolmack, 2018, references therein) and stress par-318

titioning (Francalanci et al., 2020). While these are sufficient to explain elevated stresses319

with respect to τc, they are not predictive because they introduce additional model pa-320

rameters that preclude mathematical closure (for example, the critical stress of the bank321

material). Our experiments reproduce trends observed in stable laboratory channels and322

bankfull alluvial rivers using cohesionless, uniform bed material, evincing a fundamen-323

tal organizing principle that (a) does not rely on enhanced bank strength and (b) is valid324

even when dQs/dx 6= 0.325

5.2 Instability-Limited Width326

High resolution measurements of width (Figure 3a) reveal deviations from the first-327

order trend described above. Width fluctuates rapidly, and though the magnitude of fluc-328

tuations increases in the downstream direction, every cross-section periodically returns329

to W0. In plan view, fluctuations are reminiscent of periodic oscillations between chan-330

nelized transport and sheet flow described in an aggrading fan delta by Kim and Jerol-331

mack (2008). These authors document coupled changes in width and slope that are linked332

to autogenic pulses of proximal and distal deposition and argue that periods of narrow-333

ing are initiated by a lateral instability mechanism that is analogous to the channeliza-334

tion instability on hillslopes (Izumi & Parker, 2000; Loewenherz-Lawrence, 1994; Schorghofer335

et al., 2004).336

We hypothesize that a similar mechanism sets the upper limit of width fluctuations337

in our experiment. When W ≈ W0, the channel tends to widen, perhaps through the338

classically-envisioned mechanism associated with bedload transport on laterally sloping339

banks (e.g., Parker, 1978). However, as the total width of the channel increases, depth340

decreases and the channel becomes laterally unstable due to small variations in shear stress341

and sediment flux. Eventually, runaway incision in a small part of the wetted perime-342

ter causes narrowing that stops as W approaches W0. This lower limit may be set by343

the angle of repose of the bed material; widths below W0 require very steep banks that344

are susceptible to gravitational failure.345

Because similar processes have been described in aggrading subaerial (Kim & Jerol-346

mack, 2008) and submarine (Hamilton et al., 2013) fan deltas, we suggest that the chan-347

nelization instability sets an important upper limit on channel width regardless of the348

sign and magnitude of the longitudinal gradient in transport rate. We further hypoth-349

esize that periodic widening and narrowing is connected to lateral sediment motion that350

looks like diffusion averaged over a characteristic timescale of width fluctuations. Con-351

sequently, the average width might be modeled in a framework similar to Popović et al.352

(2021) by adopting an appropriate model for morphodynamically-enhanced lateral sed-353

iment diffusion.354

Previous authors have recognized the importance of lateral instability at high slopes355

(Reitz et al., 2014; Abramian et al., 2020; Popović et al., 2021) and argue that braid-356

ing partitions water into smaller threads that are each threshold channels (i.e. W = W0357

and τ = (1+ε)τc). In this case, the total width of all threads is predicted to scale with358

Q∗ and S/S0 per (6) and (7). Our hypothesis differs from these studies in that we sug-359

gest lateral instability actually limits increases in width above roughly 10W0.360

This dynamic process of widening and narrowing only occurs in two of the three361

representative cross-sections highlighted in figure 3a. In the cross-section located at x =362

0.2 m, width is almost invariant after the initial phase of adjustment. We hypothesize363
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that rapid fluctuations in width are absent because the stable width corresponding to364

τ ≈ τc is less than a critical width where the channel becomes susceptible to instabil-365

ity. In other words, the channel is able to achieve a true stable configuration as envisioned366

by (Popović et al., 2021) when the sediment load is small.367

6 Summary and Implications368

Our experiment highlights dynamic fluctuations in channel width and sediment dis-369

charge throughout the process of incisional relaxation toward the threshold state. Af-370

ter an initial period of rapid adjustment, the sediment discharge decays over a spatially371

uniform exponential timescale. At long timescales, this pattern breaks down and sed-372

iment transport occurs primarily through intermittent, autogenic events.373

Our primary finding is that width remains close to the width of the threshold chan-374

nel across a wide range of sediment loads. As a result, changes in sediment supply are375

accommodated primarily through changes in the unit sediment discharge rather than changes376

in width. This result is surprising because it diverges from established physical theory377

(e.g., Popović et al., 2021), however; it mirrors empirical trends in bankfull alluvial rivers.378

Previously, large excess stresses needed to produce large fluxes have been attributed to379

differences between the critical stress of the bank material and the critical stress of the380

bed material (Dunne & Jerolmack, 2018, 2020), but our experiment reproduces this trend381

using cohesionless, uniform bed material.382

To explain our observations, we argue that two distinct mechanisms can limit chan-383

nel width. When sediment load is small, channel geometry balances lateral advective and384

diffusive sediment fluxes and the width is “threshold-limited” (Dunne & Jerolmack, 2018,385

2020; Phillips et al., 2022). At higher sediment loads, the channel cannot achieve a sta-386

ble configuration because the shape that balances lateral fluxes is susceptible to inter-387

nal channelization. In this case, the average width is “instability-limited”. The hypoth-388

esized transition from threshold-limitation to instability-limitation explains why Abramian389

et al. (2020) observed small increases in width associated with changes in sediment sup-390

ply, but no combination of reach-scale boundary conditions can produce stable widths391

that are significantly larger than O(101)×W0. It also provides a physically rational ex-392

planation for empirical trends in alluvial rivers (Figure 3c) and leads to a first-order pre-393

diction of bed stress (Per equation 10) that does not depend on an extra parameter like394

the critical stress of the bank material.395
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