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• Systematically changing cohesion in flume experiments leads to qualitative changes in 12 
erosional channel morphology and dynamics 13 

• Increasing sediment cohesion leads to a transition from braided, to single thread, to 14 
gully-like channels with retreating headcuts 15 

• Sediment velocities decrease with increasing cohesion, even with increasing discharge, 16 
illuminating cohesion effects on sediment transport 17 
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Abstract 27 

Sediment and bank cohesion has long been known to exert a fundamental control on river 28 
morphology and dynamics. Here we present results from simplified laminar flume experiments 29 
to investigate how systematically increasing sediment cohesion affects erosional channel 30 
formation. Low cohesion leads to a subtle shift from highly mobile, braided-like to single-thread 31 
sinuous channels. At intermediate cohesion we observe an abrupt shift to a straight, narrow, 32 
gully-like channels with a retreating headcut despite little change in sediment transport rate. At 33 
higher cohesion, bedrock-like headcut retreat and sediment transport rate decreases due to 34 
highly stabilized banks and the dominance of aggregates. Our work demonstrates that even in 35 
simplified experiments, changes in cohesion alone can produce a wide range of channel forms 36 
strikingly similar to those observed at a range of scales and environmental conditions on Earth 37 
and other planets.   38 

 39 

Plain Language Summary 40 

We conducted laboratory experiments of river erosion with sticky, cohesive sediment and 41 
found that as cohesion increased, the river we made changed shape from braided channels to 42 
meandering channels, and to a single straight channel with a vertical cliff that retreated 43 
upstream through time. We analyzed the speed of the grains and found that higher cohesion 44 
slows down the movement of the sediments, which means the flow needs more force to start 45 
transporting the grains. We also saw that for the channel width, high cohesion produces 46 
narrower banks. Moreover, cohesion alters how the banks erode and how the grains clump 47 
together into aggregates. Our results show that conducting experiments with different amount 48 
of sediment cohesion provides fundamental insight into how rivers transition between different 49 
behaviors and forms, with implications for our understanding of channels on both Earth and 50 
other planets.  51 

1 Introduction 52 
Natural channels exhibit a variety of forms including braided rivers, single thread  53 

meandering rivers, gully-like channels with steep, retreating headcuts, and bedrock rivers. 54 
Previous work suggests that cohesion or substrate competence may be an important factor 55 
determining different river forms; for example, laboratory experiments have illustrated that bank 56 
cohesion is needed to transition from braided to single-thread channels (Parker 1978; Van Dijk 57 
et al., 2013; Tal & Paola, 2010; Brauderick et al., 2009; Peakall et al., 2007; Chadwick et al., 2025). 58 
While vegetation is a primary source of bank cohesion on Earth (Brauderick et al., 2009), other 59 
sources include abundant fine sediment, permafrost, and chemical cementation that may explain 60 
unvegetated single thread meandering channels found in both terrestrial modern (Santos et al., 61 
2019; Ielpi et al., 2019a,b; Douglas et al., 2025) and paleo-environments (Ganti et al., 2019; Ielpi 62 
and Lapotre 2020; Valenza et al., 2023; Hasson et al., 2023; McMahon et al., 2024; Myrow et al., 63 
2026), as well as on Mars (Matsubara et al., 2015; Lapotre et al., 2019). Further, cohesion may 64 
control channel width as it increases the critical shear stress 𝜏𝑐 of the banks (Kothyari and Jain, 65 
2008; Rahimnejad and Ooi, 2016; Zhang and Yu, 2017; Lapotre et al., 2019; Dunne and Jerolmack 66 
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2020; Brunier-Coulin et al., 2020; Sharma et al., 2022; Chen et al., 2022), resulting in narrower 67 
channels in both gravel bed rivers (e.g., Andrews 1984; Huang and Warner 1995) and sand bed 68 
rivers (Kleinhans et al., 2015; Dunne and Jerolmack 2018, 2020). In a different setting, cohesion 69 
may also influence the formation of gullies and rills, rapidly eroding incipient channels that often 70 
form in response to disturbance (Bennett and Wells, 2019). Tucker et al., 2006 propose that in 71 
order to form gullies, tensile strength must be low enough to allow rapid erosion of sediment 72 
(e.g., de-vegetated agricultural lands (Prosser and Slade, 1994)), yet high enough to maintain 73 
steep banks and a retreating headcut characteristic of gullies (Kirkby and Bracken 2009). Cohesive 74 
soil is also needed to produce experimental gullies in the lab (e.g., Day et al., 2018; Bennett et 75 
al., 2000). Further, high substrate competence in bedrock rivers leads to similar mechanisms of 76 
headwall retreat (Izumi and Parker 1995; Lamb et al., 2006, 2009, 2014; Steelquist et al., 2023). 77 
While previous work suggests the importance of cohesion in fluvial erosion in different settings, 78 
to our knowledge cohesion controls on fluvial channel evolution have never been systematically 79 
evaluated experimentally.  80 

Here we present the results of a series of simplified laminar flume experiments to 81 
determine how systematically increasing cohesion affects evolution of erosional channels on a 82 
loose to competent substrate continuum, thus enhancing our understanding of geomorphic 83 
systems in both natural and human altered landscapes.  84 

2 Materials and Methods 85 
We conducted flume experiments (Figure 1A) to explore how systematically increasing 86 

levels of cohesion alter channel dynamics, focusing on planform channel shape and headcut 87 
propagation. Inspired by Malarkey et al., 2015, we use xanthan gum (XG) to tune cohesion. XG, 88 
a polysaccharide secreted by the bacterium Xanthomonas campestris (Rosalam and England, 89 
2006), is an appealing source of cohesion because 1) it is a type of extracellular polymeric 90 
substrate (EPS) produced by microbes that can be found in many natural landscapes (Jones et 91 
al., 2024) and has been used by humans to stabilize river banks (Smith et al., 2022) and increase 92 
cohesion of soils (Chen C., et al., 2019; Moghal et al., 2021), 2) is inexpensive, 3) is easy to mix 93 
with sediment, and 4) when wetted and subsequently dried, XG forms bridges between grains 94 
(Figure 1B) that maintain cohesive properties for a sufficient duration in our experiments (~1 95 
hour) even when fully submerged (SI). In this context, we view cohesion as an additional 96 
stabilizing normal force between grains, resulting in a bulk tensile strength (e.g., Sharma et al., 97 
2022). Following previous studies (e.g., Seizilles et al., 2013; Seizilles et al., 2014; Lajeunesse et 98 
al., 2010; Lobkovsky et al., 2008; Malverti et al., 2008), we conducted experiments in the 99 
laminar flow regime in order to simplify the experimental setup and minimize the role of 100 
turbulent noise, allowing better isolation of the role of cohesion in comparing different 101 
experimental runs. While this limits direct comparison of our experiments with natural alluvial 102 
rivers, our abstract, generalized experimental approach allows for a more controlled 103 
exploration of incisional channel formation in loose to competent substrate without attempting 104 
to reproduce a specific setting. To facilitate sediment transport in the laminar regime, we used 105 
angular, sand-sized plastic particles (MaxiBlast Wet-Blast®) with a density of 1500 kg/m^3 and 106 
particle diameters ranging from 0.25 to 0.42 mm (Figure 1B) that allowed us to maintain clear 107 
water and efficient sediment transport in our small setup (SI1).  108 
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Experiments were conducted in a 1 m long, 20cm wide flume at a slope of ~.002 with 109 
recirculating water, but no sediment recirculation or resupply. The base level condition was a 1 110 
cm tall, 2 cm wide notch in the center of the flume outlet wall which promoted channelization 111 
and headcut retreat (Figure S1). A small notch at the inlet wall and a gently scraped initial 112 
straight depression allowed the channel to form in the middle of the flume. We prepared 113 
mixtures of 2300 g of plastic particles with varying concentrations of XG from 0 to 0.5% by 114 
weight, in line with preliminary measurements of EPS concentrations found in natural soils 115 
across the globe (Jones et al., 2024). Note that these conditions represent a cohesive substrate 116 
throughout the bed, not only the banks, in contrast to classic alluvial rivers. 1 L of water was 117 
added to each mixture, which was then evenly distributed across the flume bed at a depth of 2 118 
cm. Because we were unable to quantify cohesion in our experiments, we report all results in 119 
terms of %XG rather than cohesion; however, observed cohesion clearly and substantially 120 
increased with each increment %XG. To ensure consistent compaction between experiments, 121 
we compressed the bed mixture using a 105 cm long, 17.2 cm thick wooden log, applied for 20 122 
minutes. We allowed a drying period of about 24 hours before initiating the experiments to 123 
activate the XG bonds that produce cohesion between grains (Figure 2B).  For each experiment, 124 
we began with a low flow rate to fill the initial shallow channel, then slowly increased the flow 125 
rate until we observed the beginning of sediment transport of individual grains. While precisely 126 
measuring Shields number was not possible, we estimate it ranged from 0.25-0.42 for the full 127 
range of grain size and flow conditions (SI1); these values are likely slightly above Shields stress, 128 
which has been shown to be ~0.125 in similar experiments  using smaller plastic sediment (D = 129 
.09mm) in laminar water flow (Seizilles et al., 2014). As expected, discharges needed to move 130 
sediment increased with increasing %XG as cohesion increased 𝜏𝑐  (25 L/h for 0-0.2%XG, 40 L/h 131 
for 0.3%XG, and 55 L/h for 0.4-0.5%XG). For the most cohesive runs (0.4-0.5%XG), the increased 132 
discharge needed to move sediment led to shallow overland flow outside of the main channel 133 
(see Discussion). While some localized turbulence likely occurred in our experiments, we 134 
estimate that the maximum flow Reynolds number (Re) of the experiments ranged from ~60-135 
800 depending on discharge, within the laminar range (Çengel and Cimbala, 2024); the particle 136 
Re ranged from ~8-32 (SI1). We also verified laminar flow by visualizing dye in the water. Before 137 
reaching the inlet, water from the pump passed through a layer of Styrofoam to regulate the 138 
flow and decrease turbulence. A layer of small gravel was placed at the outlet wall to minimize 139 
scour at the wall. The estimated maximum Froude number was subcritical in all experiments (~-140 
.02 to 0.2; SI1).  141 

Experiments were run until the channel either migrated to the sidewalls (low %XG runs) 142 
or stopped evolving entirely (high %XG runs, see Discussion) for a range of 20-140 minutes. We 143 
analyzed top-down experimental videos of the downstream-most 60cm of the flume captured 144 
at 60 fps to obtain sediment velocities using PIV (Particle Image Velocimetry) in PIVlab 145 
(Thielicke and Sonntag, 2021). Bank width and headcut locations were measured by hand in 146 
ImageJ (SI1). A second set of experiments showed that qualitative channel morphology changes 147 
due to cohesion are reproducible (SI2) (Church et al., 2020).  148 
 149 
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 150 
Figure 1: A) Experimental flume setup in the laboratory using a Global King Inc W15GR-15A 151 
pump. B) Microscope image showing xanthan gum bonds between sediment grains when wet 152 
and dry. Dry XG bonds strongly resemble water capillary bridges. C) Planform image of example 153 
channel formed for 0.1%XG D) Velocity field measured from PIV E) Illustration of hand-drawn 154 
extraction of bank widths.   155 
  156 

3 Results 157 
Our experiments show that with increasing cohesion, channels transition from a wide, 158 

highly mobile braided-like channel (0%XG) to a single thread sinuous channel (0.1%XG), to a 159 
narrower single thread straight gully-like channel with a rapidly retreating headcut, (0.2%XG), 160 
and finally to short, narrow, dendritic bedrock-like channels with headcuts (e.g., Vachtman and 161 
Laronne, 2013) that retreat more slowly as %XG increases (0.3-0.5%XG) (Figures 2,4). Videos 162 
show that grains move as bedload in all experiments, with rolling and hopping observed in the 163 
videos for all %XG. While some grains take long hops, likely due to the low specific gravity (1.5) 164 
of the plastic sediment, visible lateral grain motions due to collisions indicate that most grain 165 
maintain close contact with the bed throughout the experiment (Samassi 2026). Aggregates 166 
begin to form at 0.1%XG, with the onset of discrete bank collapse, and the size of aggregates 167 
gets larger with each incremental increase in %XG. However, some individual sediment grains 168 
are also still observed to move as bedload in all experimental runs. Using a minimum velocity 169 
cutoff of 0.2pixels/frame to remove immobile grains outside the main channel, we find that 170 
average sediment velocity magnitudes decrease by nearly an order of magnitude (from ~0.1 171 
cm/s to ~0.01 cm/s) with increasing %XG (Figure 3). This occurs despite a twofold increase in 172 
discharge; indeed, mean grain velocity normalized by characteristic flow velocity 173 
(discharge/notch area) decreases with %XG (Figure 4C; non-normalized plot in Figure S4). While 174 
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all runs exhibit exponential-like grain velocity distributions, the 0-0.2%XG runs show a 175 
secondary peak of ~0.4 cm/s that disappears in higher %XG runs (Figure 3B). The variability of 176 
grain velocity also sytematically decreases with increasing %XG (Figure 4C). Qualitatively, the 177 
particle activity decreases substantially as cohesion is increased (Samassi 2026), likely leading to 178 
lower mean grain velocities as aggregates begin to dominate individual grain motions and the 179 
tail of the velocity distribution is progressively shortened (Figures 3B; 4C). We note that 180 
individual particle tracking at high frame rate would be required to observe accurate velocity 181 
distributions and means (e.g., Fathel et al., 2015); PIV-derived velocities are inherently 182 
averaged and therefore lower than individual grain velocities.  183 

To explore bank widening and headcut retreat trends, we plot spatially averaged 184 
channel widths through time with standard deviation bars representing spatial variability in 185 
channel width (Figure 4A), along with headcut retreat distance through time (Figure 4B).  186 

 187 

 188 
Figure 2: Representative images from each experiment with different %XG. Time of images: 0-189 
0.1%XG (~minute 15);  0.2-0.3%XG (minute 40); 0.4-0.5%XG (minute 50). 190 
 191 
At 0%XG, the highly mobile channel rapidly widens as soon as sediment motion begins and 192 
reaches a final width wf of ~11 cm before migrating to the flume wall. The channel exhibits 193 
characteristics of braiding through time with multiple channel threads (Figure 2A). At 0.1%XG 194 
the overall pattern remains similar, with wf  ~10 cm and slightly lower spatial variability (Figure 195 
4A). Qualitatively, the channel becomes more single-threaded as we observe signs of bank 196 
cohesion and the formation of small aggregates. At 0.2%XG, we observe an abrupt regime shift 197 
as wf decreases dramatically to ~2.7 cm with much lower spatial varability. A defined headcut 198 
appears which retreats at a relatively constant rate of ~1cm/minute. These results suggest that 199 
the combination of moderate cohesion and persistent upstream migration places 0.2%XG in a 200 
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transitional regime where the channel is cohesive enough to maintain a retreating headcut but 201 
not cohesive enough to stop erosion completely.  202 
 203 
 204 

 205 
Figure 3: PIV results. A) Mean grain velocities through time for each %XG. SEM error bars are 206 
smaller than data points. B) PDFs of grain velocity magnitude for each %XG.  207 
 208 
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Figure 4: Quantitative experimental results. A) Spatially averaged channel bank widths over 210 
time for different %XG with standard deviation. B) Headcut retreat distance over time for 211 
different %XG. The break in the data for 0.3% was due to a camera malfunction. C) Relationship 212 
between %XG, sediment velocity, and bank width. Left axis: PIV-derived mean sediment 213 
velocity magnitudes normalized by characteristic flow velocity (discharge/notch area) (blue 214 
squares) with 10th and 90th percentile error bars. Right axis: Final spatially averaged bank width 215 
(red dots). Discharges were 25 L/hr for 0-0.2%XG, 40 L/hr for 0.3%XG, and 55 L/hr for 0.4-216 
0.5%XG.  217 
 218 
 219 
At 0.3%XG, the channel continues to be narrow and straight, reaching a wf of ~2 cm and a 220 
headcut retreat distance of 42.6 cm. At 0.4%XG and 0.5%XG, wf  is essentially constant at ~2.6 221 
cm and ~2.2 cm, respectively, for the entire duration. The resulting morphology is similar to 222 
amphitheater-headed canyons found in bedrock channels (Lamb et al., 2014). Both 223 
concentrations produce very narrow channels with minimal headcut retreat distance: 18.95 cm 224 
for 0.4%XG and only 8.96 cm for 0.5%XG. While the initial headcut retreat rate was similar (~1 225 
cm/min) for 0.2-0.5%XG, retreat rate slowed through time for 0.3-0.5%XG and became 226 
systematically slower as %XG increased (Figure 4B). We interpret that the cessation of headcut 227 
retreat results from a local decrease in channel slope at the headcut over time.  228 

Overall, our results show that cohesion has a strong effect on channel morphology and 229 
sediment transport. We observe that channel widths decrease with increasing %XG, with low 230 
cohesion runs (0-0.1%XG) exhibiting channel widths nearly 5 times that of high cohesion runs 231 
(0.2-0.5%XG). Channel width exhibits more variability for low %XG, while higher %XG runs 232 
exhibit more narrow and stable channels likely due to the mechanical consequence of cohesive 233 
strength dominating over hydraulic shear (Figure 4A). Similarly, headcut retreat rates and 234 
sediment transport rate magnitude and variability decrease with increasing %XG. These 235 
decreases in width, headcut retreat and sediment transport occur despite increasing discharge 236 
needed to move higher cohesion grains, strengthening the observation that cohesion alone can 237 
profoundly alter channel behavior. Finally, as mean sediment transport rate does not decrease 238 
until 0.3%XG, the abrupt transition in channel width at 0.2%XG is largely decoupled from 239 
changes in sediment transport statistics.  240 
  241 

4 Discussion  242 
Our experiments demonstrate a profound effect of cohesion on channel morphology 243 

and evolution. One clear finding is that cohesion increases 𝜏𝑐, as evidenced by the necessary 244 
increase in discharge for higher %XG runs. Further, as sediment velocity is generally thought to 245 
scale with excess fluid stress above critical (Meyer-Peter Müller 1948), our observed decrease 246 
in sediment velocity magnitude with %XG, even with increasing discharge, strongly points 247 
toward a cohesion-induced increase in 𝜏𝑐 that leads to channel narrowing—similar to the 248 
behavior observed in threshold alluvial streams (Phillips et al., 2022) especially with cohesive 249 
banks (e.g., Dunne and Jerolmack 2020), despite our erosional, supply limited setup. The role of 250 
cohesion in setting channel width is further demonstrated by the drastic decrease in channel 251 
width for increasing %XG, even in the face of increasing discharge (Figure 4C; SI3)—the inverse 252 
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of the expected width-discharge scaling seen in previous non-cohesive laminar flume 253 
experiments (Seizilles et al., 2013). Qualitative observations from experimental videos indicate 254 
two main mechanisms for the decrease in sediment velocity. First, XG bonds between individual 255 
grains modifies 𝜏𝑐 by adding a tensile strength that resists shear stress as seen in recent 256 
cohesive sediment experiments under an impinging jet (Brunier-Coulin et al., 2020; Sharma et 257 
al., 2022). Second, cohesion allows for the production of aggregates both from the bed and the 258 
banks, effectively increasing grain size and therefore decreasing the excess stress above 259 
threshold. While aggregates begin to form even at the lowest level of cohesion (0.1%XG), we 260 
observe an increase in aggregate size and dominance above individual grain transport as %XG 261 
increases. This may be reflected in the narrowing sediment velocity distributions and 262 
shortening tails of the PDFs (Figures 3B; 4C), as faster moving individual grains decrease and 263 
slower aggregates dominate the distributions. This decrease in sediment velocity variability may 264 
also explain the decrease in channel mobility and spatial variability of channel width with 265 
increasing cohesion. Finally, videos suggest that particle activity steadily decreases with %XG 266 
(Samassi 2026). As volumetric bedload flux is dominated more by particle activity than changes 267 
in mean sediment velocity (Roseberry et al., 2012), future work to explore the role of cohesion 268 
in altering particle activity may be fruitful.  269 

While high levels of cohesion clearly alter sediment transport statistics, perhaps the 270 
most intriguing result of our experiment is the abrupt decrease in channel width at 0.2%XG 271 
without any change in discharge or mean sediment velocity magnitude (Figure 4C) and only a 272 
slight decrease in the 90th percentile grain velocity (Figure 4C). In addition to the sudden 273 
narrowing of the channel, we observe that at 0.2%XG the banks have a threshold level of 274 
stability to maintain a near-vertical retreating headcut. This finding suggests that cohesion 275 
controls on channel morphology extend beyond simple changes in 𝝉𝒄 or the formation of 276 
aggregates, likely due to a shift in bank erosion mechanism from shear driven grain-by-grain 277 
removal to strength-dependent bank collapse (e.g., Delenne et al., 2004). This observed 278 
threshold level of cohesion that drastically alters channel morphology without any change in 279 
sediment transport statistics is a key finding of this study. Further, 0.2%XG is the only case in 280 
which we observe steady retreat of the headcut through time; we posit that this intermediate 281 
state represents the “sweet spot” for gully initiation as envisioned by Tucker et al., 2006, in 282 
which the sediment is mobile enough to allow for efficient sediment transport yet cohesive 283 
enough to maintain steep headwalls, leading to the rapid retreat characteristic of destructive 284 
gully erosions in farmlands and other landscapes (Bennett and Wells, 2019).  285 

At higher cohesion levels (0.3-0.5%XG), we observe the formation of secondary channels 286 
that develop alongside the main incised channel when the discharge exceeds what the narrow 287 
active channel can carry (Figure 2). First, this behavior suggests that larger discrete, cohesive 288 
bank failure events may allow secondary pathways to emerge during high flow conditions 289 
(Julian & Torres, 2006). Secondary channels may also develop due to variations in cohesion 290 
throughout the substrate mixture, where areas of lower cohesion create weak points that allow 291 
fluid shear forces to dislodge the grains. Another possible mechanism is the fact that the higher 292 
discharge needed to transport cohesive sediment encourages overland flow, allowing water to 293 
find more possible paths to follow. Because the main channel remained narrow due to 294 
cohesion, excess discharge gradually carved shallow secondary pathways on the floodplain. 295 
Therefore, while a thin sheet of water was present on the floodplain from the start, the 296 
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erosional secondary channels formed only after the onset of headcut retreat and sustained 297 
morphodynamic adjustment. Further, XG may decrease the permeability of the sediment, 298 
increasing the opportunity for overland flow (Zhang et al., 2024). While overland flow may just 299 
be an artefact of our experimental setup, it is possible that a similar two-part effect occurs in 300 
nature. First, in highly cohesive sediment, deeper overland flow may be needed to surpass the 301 
threshold of motion for sediment and to initiate channels. Second, slow channel development 302 
and headcut retreat may allow abundant water to find alternate flow paths at steep, newly 303 
formed channel banks, producing secondary channels. Soil type and climate can influence both 304 
cohesion and drainage density, ultimately affecting erosion processes (Moeini, et al., 2015; 305 
Moragoda et al., 2022). 306 

Our experiments have a number of limitations. For simplicity our experiments were 307 
conducted in laminar flow, which previous work has shown can produce laboratory channels 308 
with sediment transport mechanics and channel morphologies nearly identical to those found 309 
in turbulent rivers (Malverti et al., 2008; Seizilles et al., 2013); however, we acknowledge that 310 
turbulence must alter the details of both flow conditions and sediment transport in natural 311 
rivers(Wilcock et al., 2003). Further, the presence of turbulence may be especially important in 312 
cohesive channels by by introducing rapid, short timescale pressure and velocity fluctuations 313 
that can momentarily exceed the cohesive strength of small aggregates or surface grains, and 314 
can alter the mechanics of scour at retreating headcuts. Our simple experiments included 315 
numerous measurement limitations; we could not record water or channel depth, which would 316 
be needed to accurately estimate shear stress and channel geometry. Although we observed 317 
morphology similar to braided and meandering streams, we emphasize that our exploratory 318 
experiments with cohesion throughout the bed and no sediment supply explored the evolution 319 
of erosional channels on a loose to competent substrate continuum, limiting their direct 320 
applicability to natural alluvial streams. Our channels also do not reach an equilibrium state of 321 
constant spatial width (e.g., Abramian et al., 2020) due to the boundary conditions (a narrow 322 
notch at the outlet), lack of sediment supply and limited run time. Larger experiments could 323 
examine turbulent cohesive channel formation, with a constant sediment feed, or with a thin 324 
cohesive lid to better explore effects in alluvial channels, and could better quantify cohesion 325 
with geotechnical testing. Grain scale numerical modelling should complement physical 326 
experiments to better understand the mechanics of cohesive sediment transport (Vowinckel et 327 
al., 2023).  328 

5 Conclusions 329 
Our results provide experimental evidence that systematically varying cohesion fundamentally 330 
alters erosional channel initiation and evolution, producing a wide range of forms ranging from 331 
wide, highly mobile braided-like channels to narrow gully-like channels with retreating 332 
headcuts. Observations of channel narrowing with increasing cohesion along with PIV analysis 333 
of grain velocities suggest that cohesion controls channel morphology both by altering 𝜏𝑐 and 334 
allowing for qualitative differences in bank erosion processes, such as bank collapse and the 335 
formation of aggregates. The abrupt shift in behavior at 0.2%XG with a constantly retreating 336 
headcut without substantial changes in sediment transport statistics emphasizes the role of 337 
bank stability and supports the idea of a goldilocks case in which cohesion is strong enough to 338 
hold the bank of the headcut but too weak to stop ongoing bed erosion and retreat, as seen in 339 
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persistent gullies. Our experiments demonstrate that changes in cohesion alone can reproduce 340 
a wide array of qualitatively distinct fluvial channel forms and dynamics.  341 
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