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Abstract(
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University of California, Berkeley 

 
William E. Dietrich, Chair 

 
It is surprising that gravel-bed rivers meander. In laboratory settings using cohesionless 

sediment transported as bedload, braiding inevitably emerges. The easily entrained outer bank 
sediments lead to relatively rapid bank erosion, the inner bank bar reaches it shallowest depth 
towards the center of the channel, the flow diverges, and braiding arises. These observations 
have led to the inference that meandering requires some bank strength to slow outer bank erosion 
and allow the inner bank to keep pace with outer bank retreat. Commonly it has been suggested 
that vegetation can provide that outer bank strength. While this view has led recently to 
numerical modeling incorporating vegetation strength, no studies had successfully created 
meandering rivers in the laboratory such that controlling mechanisms could be explored. Nor has 
there been an effort to delineate under what general conditions gravel bedded meanders are 
found in the field. These knowledge gaps are particularly important to stream restoration work 
because the creation of morphologically-stable gravel-bedded meanders is a common goal.  
 This dissertation uses flume experiments and a compilation of field data to explore the 
conditions that support meandering in gravel-bed rivers. Using alfalfa sprouts as model 
vegetation, sand as scaled-down gravel, and a lightweight plastic as scaled-down sand, I created 
for the first time a self-maintaining, laterally migrating meandering river with cutoff loops in a 
6.1-m wide, 17-m long laboratory flume. The channel, 0.4 m wide, had a sinuosity of 1.1-1.2 and 
transported sediment with a median size of 0.78 mm. The sinuosity of the channel increased as 
bends grew, decreased as the channel cut off, and was regenerated while the channel maintained 
a steady width. In this experiment, we found that a steady bankfull flow was sufficient to sustain 
a meandering planform, and that application of higher peak flows caused the channel to widen 
because bank erosion outpaced bar growth. Coarse sediment was exchanged between eroding 
banks and the next bar downstream with little net downstream flux, consequently to prevent 
aggradation and avulsion at the upstream end of the experimental reach required turning off the 
coarse sediment feed. The input of fine sediment was crucial for blocking chute channels (a locus 
for braiding), filling point bars downstream of the bend apex, and plugging abandoned channels 
following cutoff. Hence, sustained growth of bends and development of meandering requires 
more than just sufficient bank strength to slow the outer bank erosion rate. 
 A compilation of 166 gravel-bedded meanders from the literature shows that gravel 
meanders primarily occur in lower gradient reaches extending from mountain ranges, high-
elevation valleys, and in humid areas influenced by glaciation or glacio-fluvial outwash. 
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Unexpectedly, analysis of Google Earth imagery showed that about 1/3 of the dataset lacked 
cutoff scars and other evidence of active migration. Gravel bedded meanders with median 
surface grain size> 10 mm had low Shields stress, particularly for meanders with cutoffs and 
without islands. Gravel bedded meanders with median surface grain sizes < 10 mm had higher 
Shields stresses that were transitional between coarser gravel bedded meanders and finer sand 
bedded meanders. Calculation of potential sediment transport rates show that for 16 of the 18 
gravel bedded meanders with migration rate data, the sediment flux from bank erosion exceeds 
this transport capacity, suggesting that bank erosion is a primary source of sediment. Collectively 
this shows that gravel bedded meanders can be classed into different types that reflect the 
relative migration rates and associated Shield stress and that generally gravel-bedded meanders 
are associated with low Shield stresses and relatively low sediment supply.  
 Because of the importance of sediment supply in meandering rivers, I also investigated 
the morphological effects of doubling supply to a self-formed sinuous channel with 9 bends that 
was fixed in place. Five of these bends developed bar-pool topography. The doubling of supply 
caused the channel to steepen by 33%, and the topographic response of bars was limited to 
shoaling of two pools as they filled with coarse sediment. One of the bars also extended 
upstream. Three other bends had limited changes to an increase in supply, likely due to the fixed 
walls that supported wide bars and narrow, deep pools. The maximum aggradation was greater 
than a channel depth, indicating that for a similar supply increase in a freely migrating channel 
would lead to avulsion. This experiment supports further the interpretation that gravel-bedded 
meanders are associated with relatively low sediment supply.  
 The final experiment replicated our first alfalfa experiment but used a constant discharge 
and sediment supply with much denser alfalfa, in order to explore the effect of increased bank 
strength on channel morphodynamics. The denser alfalfa led to a narrower channel, but the 
migration rate was similar to our first experiment. As the channel migrated, associated decreases 
in the water surface slope caused the style of migration to change from focused on the entire 
bend to focus at the bend apex, creating skewed bends. As the bend skewness increased, the 
sediment flux at the flume outlet decreased, and most of the sediment flux out of the 
experimental reach was the lightweight plastic (model sand) rather than the coarse sediment 
supply. This created a channel with a sinuosity of 1.6, but then the channel aggraded and cut off, 
decreasing the sinuosity (to 1.2) and a corresponding increased slope. Following the cutoffs, the 
sediment transport rates and channel migration rates increased. The steady flow discharge and 
dense alfalfa limited cutoffs until aggradation altered floodplain hydrology to suppress alfalfa 
growth and create relatively weak paths through the floodplain.  
 Taken together these studies show that for gravel bedded rivers to meander three 
conditions are needed:  1) additional bank strength (here from vegetation) to slow erosion rates’ 
2) low sediment supply and correspondingly low Shields stresses to prevent aggradation and 
avulsion as sinuosity increases; and 3) fine sediment to fill chutes and the downstream end of 
bars. Variable peak discharges are not necessary but may contribute to cutoffs that maintain a 
steeper slope able to transport the sediment supplied to the reach. These observations suggest 
that creating a self-maintaining laterally migrating gravel-bedded river as a restoration outcome 
will require an assessment of likely coarse and fine sediment supply as well as the ability of 
vegetation to provide sufficient bank strength. 
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1 Introduction+

Meandering rivers migrate across their floodplains through erosion of their outer banks 
and growth of point bars on their inner banks. If bank erosion and point bar growth are balanced, 
the channel will maintain a steady width and maintain a meandering morphology. If bank erosion 
exceeds bar growth the channel will widen and braid, while if bank erosion is less than the rate 
of bar growth the channel will narrow, and aggradation may cause the channel to avulse. 
Qualitative models of channel form emphasize that meandering requires strong banks and low 
sediment supply [Schumm, 1985; Church, 2006]. Strong banks limit the bank erosion while 
lower sediment supply is thought to limit the tendency towards braid bar development. Until 
very recently, theoretical models of river meandering [e.g., Ikeda et al., 1981; Blondeaux and 
Seminara, 1985; Howard, 1992; Sun et al., 2001; Seminara, 2005] assumed that the inner and 
outer banks migrate at the same rate regardless of the bank strength and sediment supply. Models 
are now being developed that can assess inner bank deposition and outer bank erosion 
independently [e.g., Parker et al., 2011; Asahi et al., 2013], but have yet to be extensively tested. 
The processes by which inner bank deposition keeps pace with outer bank erosion, and how 
erosion as the channel evolves are poorly known and are a fundamental gap in our understanding 
of meandering rivers.  

Migration poses several challenges to balancing bank erosion and bar deposition because 
as channels migrate their sinuosity and curvature continuously change. Because the curvature 
strongly affects the migration rate [e.g., Hickin and Nanson, 1984; Hooke, 2003], the migration 
rate should vary through space and time. Moreover, migration causes bends to grow, increasing 
the sinuosity and decreasing the channel slope. Migration can also induce cutoffs, which increase 
the local slope and sediment supply to downstream reaches. The adjustments to slope are 
particularly problematic for gravel bedded meanders because they are often close to their 
transport threshold [e.g., Parker et al., 2007; Metivier and Barrier, 2012] where small slope 
changes can have a large effect on sediment transport. In contrast, sand bed channels typically 
have Shields stresses well above their critical transport threshold [Parker et al., 2003; Wilkerson 
and Parker, 2011], and are able to accommodate changes in sediment supply through changes in 
the morphology of bedforms as well as slope [Dietrich and Whiting, 1989]. The spatial and 
temporal variability in slope, curvature, and sediment supply should have profound effects on the 
ability of the river to transmit its load and maintain a sinuous, single-thread channel.  

This dissertation focuses on gravel bedded meanders because they are an important 
source of aquatic habitat [e.g., Trush et al., 2000; McKean et al., 2008] and consequently have 
become an important in stream restoration design [Kondolf et al., 2001; Smith and Prestegaard, 
2005; Kondolf, 2006; Harrison et al., 2011]. Our inability to define the necessary conditions for 
meandering in gravel bedded rivers hinders their success in stream restoration. Additionally, 
gravel bedded meanders can also be scaled to the laboratory, which allowed me to explore their 
formation and dynamics in a controlled setting where the boundary conditions can be adjusted 
and are known. 

Laboratory flume experiments using non-cohesive sediment show that without additional 
bank strength, the bank erosion rate will exceed the bar growth rate and the river will widen and 
braid [e.g., Wolman and Brush, 1961; Whiting and Dietrich, 1993a; Federici and Paola, 2003; 
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Eaton and Church, 2004]. In the field, banks can be strengthened when they are capped with 
cohesive material [e.g., Schumm, 1963; ASCE Task Committee, 1998; Constantine et al., 2009] 
or when banks are vegetated [e.g., Brice, 1964; Hickin, 1984; Millar, 2000; Micheli and 
Kirchner, 2002; Parker et al., 2011]. Vegetation also strengthens the floodplain, limiting cutoffs 
and promoting higher sinuosity [Smith, 2004; Braudrick et al., 2009; Kleinhans, 2010]. Given 
the ability of vegetation to strengthen banks and floodplains, it is perhaps not surprising that 
widespread meandering in the rock record is limited until after the rise of rooted plants and trees 
[Davies and Gibling, 2010]. The presence of ancient meandering channels on Mars [e.g., Moore 
et al., 2003] suggests that it is bank strength rather than vegetation that is a necessary component 
for meandering.  

Bank strength alone is not sufficient to promote meandering. In flume experiments 
braiding can develop as flow is diverted down the chutes that form between the bar and the 
floodplain. Chutes occur because the area of maximum coarse sediment deposition is not located 
at the boundary between the bar and floodplain, but rather towards the center of the channel. 
These chutes are a locus for channel bifurcation and braiding [Bertoldi and Tubino, 2005]. In 
gravel meanders in the field, these chutes are often plugged with sand [McGowen and Garner, 
1970]. Bedload measurements in gravel meanders show that 30-60% of the bedload trapped in 
gravel meanders is sand, even though it is not present on the bed surface [Leopold, 1992; 
Ferguson et al., 1996; Clayton and Pitlick, 2007]. Studies of coupled flow and sediment transport 
in meander bends show that bedload and suspended load follow separate paths, with bedload 
transported toward the outer bank downstream of the bar apex and suspended sediment 
transported toward the bar [Dietrich and Smith, 1984], and the downstream end of bars are 
therefore finer than upstream [Fisk, 1944; McGowen and Garner, 1970; Bluck, 1971; Nanson, 
1980; Clayton and Pitlick, 2008]. Sand that transitions from bedload to suspended load may 
therefore be a crucial component of gravel bedded meanders. Vegetation encroachment across 
the chute and onto the bar promotes fine deposition further reducing the tendency to braid. 

Although a low sediment supply is often cited as being characteristic of gravel bed 
meanders [Carson, 1984; Schumm, 1985; Ferguson, 1987; Metivier and Barrier, 2012], there are 
few measurements of sediment supply and transport that can be used to directly assess the role of 
sediment supply in channel patterns [e.g., Ferguson et al., 1995; Leopold and Emmett, 1997; 
Metivier and Barrier, 2012; Pitlick et al., 2012]. Instead compilations of field data use proxies for 
the sediment supply to explore the controls on channel planform. These proxies may include the 
bankfull discharge, channel (or valley) slope, median surface grain size, and Shields stress  
[Leopold and Wolman, 1957; Carson, 1984; Ferguson 1987; van den Berg, 1993; Kleinhans and 
van den Berg, 2010; Metivier and Barrier, 2012]. These proxies for sediment supply suggest that 
on average meandering rivers have lower slopes relative to discharge (and lower stream power) 
than braided channels, but the conditions that support gravel meanders and gravel braided 
channels can be similar. Although nearly everyone agrees that sediment supply has a large 
influence on channel planform, the mechanisms by which supply influences morphology and 
how sediment supply, channel slope, and bank strength interact are poorly understood. 

One approach to understanding the how meanders develop and maintain their 
morphology meandering is to try to create meandering rivers in the laboratory. One of the 
challenges to creating meandering rivers in the laboratory has been scaling bank strength. The 
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addition of bank strength to laboratory channels can have a profound effect on channel form 
[Friedkin, 1945; Schumm and Khan, 1972; Smith, 1998; Gran and Paola, 2001; Peakall et al., 
2007; Tal and Paola, 2007; Tal and Paola, 2010; van Dijk et al., 2012]. Adding cohesive 
sediment to banks can slow bank erosion leading to sinuous channels, but these channels either 
develop sinuosity and stop migrating [e.g., Smith, 1998] or cut off and straighten after 
developing curvature [e.g., Peakall et al., 2007]. Oscillating the upstream boundary condition can 
maintain migration in experimental channel with cohesive sediment [van Dijk et al., 2012], but 
this does not reveal how the dynamic balance of bank erosion and bar growth is maintained. 
Recently, alfalfa sprouts have been used to provide bank strength in experimental channels [Gran 
and Paola, 2001; Jang and Shimizu, 2007; Tal and Paola, 2007; Tal and Paola, 2010]. Adding 
alfalfa sprouts to braided channels transformed them into dynamic channels with characteristics 
of both single-thread and island-bar morphology [Tal and Paola, 2007; Tal and Paola, 2010]. The 
alfalfa experiments replicate many processes observed in the field including avulsions and 
cutoffs, but meandering was intermittent and limited to a relatively small portion of the flume 
[Tal and Paola, 2007].  

This dissertation uses laboratory experiments and a compilation of field data to define the 
conditions that support gravel bed meanders, how they respond to an increase in sediment 
supply, and how channel morphology changes under constant boundary conditions as a river 
migrates. A detailed description of the relevant literature is provided at the beginning of each 
chapter. Chapter 2 tests the conditions necessary to create and sustain meandering in a gravel bed 
river (published as [Braudrick et al., 2009]). This study hypothesized that meandering required 
bank strength, a low Shields stress (and sediment transport rates), coarse and fine sediment, and 
variable flood flows to fill chutes and deposit sediment on bar tops. We used alfalfa sprouts as 
model vegetation to strengthen banks and floodplains. Sand was our model gravel, and we also 
fed a lightweight plastic as model sand. The discharge consisted of a bankfull flow and periodic 
large flood for the first 71 hours, and a steady bankfull flow for the last 65 hours of the 
experiment. Variable flood flows were not required for meandering as the channel maintained a 
meandering morphology under steady bankfull conditions. The model sand filled the chutes that 
were a locus for braiding in previous experiments, filled the downstream end of point bars, and 
rapidly plugged cut off channels. The channel maintained a constant width as it migrated across 
its floodplain. The sinuosity reached a maximum of 1.2, but after cutting off the channel 
regenerated curvature. Coarse sediment feed needed to be turned off periodically to limit 
aggradation at the upstream end of the channel. Nearly all of the fed coarse sediment was 
exchanged laterally from eroding banks to point bars. This experiment suggests that sustained 
gravel meanders require bank strength, coarse and fine sediment, and very low sediment supply.  
It demonstrates the first self- maintaining laterally migrating channel created in a laboratory 
flume.  

Chapter 3 explores the conditions necessary for meanders in gravel bedded rivers using a 
compilation of field data from the literature to ask where and under what conditions gravel 
bedded rivers meander. In this chapter I compiled location and hydraulic information for 166 
gravel bed meanders. I then used Google Earth to determine the vegetation and land use near the 
river, and describe channel planform. Most of the data set was from North America and Britain, 
and gravel meanders were primarily found in humid, formerly glaciated (or glacio-fluvial 
landscapes) and adjacent to mountain ranges. During the Google Earth analysis, I observed that 
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gravel bedded meanders could be grouped into 3 morphologies: meanders with cutoffs and 
without islands, meanders with islands and cutoffs, and meanders without cutoffs. Meanders 
without cutoffs were less steep for their bankfull discharge relative to the two other channel 
types. I found that gravel meanders have low bedload supply (as indicated by a median Shields 
stress of 0.044, less than half that of gravel braided channels), and generally transport coarse 
sand as bedload. Meanders with cutoffs and without islands had lower Shields stresses 
(median=0.038) than meanders without cutoffs  and meanders with islands (median=0.045 and 
0.047, respectively). Gravel meanders with median surface grain sizes < 10 mm had Shields 
stresses intermediate between sand meanders (>0.3) and coarser gravel meanders (typically 
<0.08). Furthermore, for the 18 gravel bedded meanders with migration data, and sufficient 
information to calculate the sediment transport rate, the annual volume of sediment derived from 
eroding the banks exceeded the long-term transport capacity of the channel. This suggests that 
gravel meanders are primarily exchanging sediment laterally from eroding banks to the next bar 
downstream.  

Given the importance of sediment supply in meandering rivers, I then examined the 
effects of doubling the supply on a laboratory gravel meander that was fixed in place. In this 
experiment, I fixed channel walls along the boundary of a self-formed freely meandering channel 
with 4 bends. I ran the flume at a constant discharge and sediment supply until it equilibrated. I 
then doubled the sediment feed rate and monitored the evolution of bed topography, water 
surface topography, bed facies, and sediment transport. In response to the doubling of supply the 
channel steepened, and the depth decreased. Two of the bends shoaled as their pools filled with 
coarse sediment in response to the increased feed. One of the bars extended upstream creating a 
bend with two point bars. For 3 other bends, topographic adjustments to the doubling of feed 
were small, despite the bed aggrading by up to one channel depth. The responsive bends were 
longer with intermediate curvature and had relatively straight reaches upstream. Two of the 
bends which experienced limited topographic change due to the doubling of supply had higher 
curvature and shorter bend length. The response may be partially controlled by the immobile 
banks that created deep pools (the maximum depth was approximately 3.5 times the average 
depth) and wide bars, which likely limited the ability of the bed topography to adjust to the 
supply increase. 

Finally, I conducted an experiment similar to Chapter 2, in which I again used alfalfa to 
provide bank strength and a lightweight plastic as model sand. There were some changes to the 
channel inlet, but the main adjustments were a steady (and slightly higher sediment feed) and a 
tripling of the amount of alfalfa seeds spread on the flume (expected to increase sinuosity). The 
increased supply and bank strength lead to a narrower channel than the experiments in Chapter 2, 
although the bank erosion rates were similar. The higher bank strength did lead to a more 
sinuous channel as sinuosity ranged between 1.2-1.6. Although the channel had constant 
boundary conditions, the hydraulics, sediment transport, and planform evolution varied through 
time. In particular, the pattern of erosion went from symmetric meanders, to asymmetric 
meanders as the slope declined. The slope declined as sinuosity increased which reduced the 
sediment transport rate and the channel aggraded and subsequently 3 bends cut off in relatively 
rapid succession. 
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Taken together these 4 chapters show that bedload dominated meandering rivers require 
bank strength to slow bank erosion, low gravel supply, and fine sediment (sand) to fill the 
downstream end of bars and plug chutes. The gravel supply must be low enough so that lateral 
exchange of sediment from bars to banks can accommodate the majority of the bedload. 
Meanders that are fixed in place respond to increased supply by steepening with variable (but 
limited) topographic response aside from the slope change. In this case, the elevated bed level at 
the upstream end of the channel would have promoted avulsion if the fixed bank heights were at 
the elevation of the floodplain. Higher bank strength leads to narrower channels that have similar 
erosion rates to channels with lower strength. Migration causes the slope to decline, decreasing 
the sediment transport rate, and if the sediment feed is constant, this leads to aggradation that 
makes cutoffs more likely. 
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2 Necessary+conditions+for+sustained+meandering+in+coarse+bedded+
rivers:+experimental+evidence+

2.1 Abstract+

Meandering rivers are common on Earth and other planetary surfaces, yet the conditions 
necessary to maintain meandering channels are unclear. As a consequence, self-maintaining 
meandering channels with cutoffs have not been reproduced in the laboratory.  Such 
experimental channels are needed to explore mechanisms controlling migration rate, sinuosity, 
floodplain formation, and planform morphodynamics and to test theories for wavelength and 
bend propagation.  Here we report the first successful experiment in which meandering with 
near-constant width was maintained during repeated cutoff and regeneration of meander bends. 
We found that elevated bank strength (provided by alfalfa sprouts) relative to the cohesionless 
bed material and the blocking of troughs (chutes) in the lee of point bars via suspended sediment 
deposition were the necessary ingredients to successful meandering.  Varying flood discharge 
was not necessary. Scaling analysis shows that the experimental meander migration was fast 
compared to most natural channels.  This high migration rate caused nearly all the bedload 
sediment to exchange laterally, such that bar growth was primarily dependent on bank sediment 
supplied from upstream lateral migration. The high migration rate may have contributed to the 
relatively low sinuosity of 1.19, and this suggests that to obtain much higher sinuosity 
experiments at this scale may have to be conducted for several years.  Although patience is 
required to evolve them, these experimental channels offer the opportunity to explore several 
fundamental issues about river morphodynamics. Our results also suggest that sand supply may 
be an essential control in restoring self-maintaining, actively shifting gravel-bedded meanders. 

2.2 Introduction+

 River meandering --the lateral bank shifting that produces sinuous, single-thread 
channels-- is inherent to coupled flow and sediment transport in gravel- and sand-bedded 
channels within a broad range of channel width to depth ratios [Parker, 1976].  Channel planform 
classification based on field observations qualitatively suggests that meandering depends 
strongly on channel slope, grain size, bank strength, and sediment supply [e.g., Schumm 1985; 
Church, 2006]. Theoretical models of river meandering [Ikeda et al., 1981; Blondeaux and 
Seminara, 1985; Howard, 1992; Sun et al., 2001; Seminara, 2005], however, assume that the 
inner and outer banks migrate at the same rate during meandering no matter the bank strength 
and sediment supply. The processes by which inner bank deposition keeps pace with outer bank 
erosion are poorly known. This is a fundamental gap in our understanding of meandering rivers. 

Laboratory experiments have demonstrated that channels with sand or gravel bed and 
banks will develop bars and planform curvature but will inevitably braid [e.g., Wolman and 
Brush, 1961; Whiting and Dietrich, 1993a; Eaton and Church, 2004] because the weak outer 
banks erode faster than bars can grow and accrete to the inner bank. Braiding often develops due 
to flow diversion down chutes that form between the bar and the floodplain. Chutes occur 
because the area of maximum coarse sediment deposition is not located at the boundary between 
the bar and floodplain, but rather towards the center of the channel. These chutes are a locus for 
channel bifurcation and braiding [Bertoldi and Tubino, 2005]. Experiments using clay and silt 
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materials to strengthen the banks have produced sinuous channels, and under some conditions, 
channels with high sinuosity, [e.g., Friedkin, 1945; Schumm and Khan, 1972; Smith, 1998; 
Peakall et al., 2007] but these experiments have not successfully created meandering channels 
with repeated cutoffs that both produce a floodplain and maintain their geometry. Instead, in 
such experiments the channel simplifies to a single bend following cutoffs [Peakall et al., 2007] 
or bank migration ceases once sinuosity develops [Smith, 1998]. Recently, alfalfa sprouts have 
been used to provide bank strength in experimental channels [Gran and Paola, 2001; Tal and 
Paola, 2007]. Adding alfalfa sprouts to braided flume channels transformed them into dynamic 
channels with characteristics of both single-thread and island-bar morphology. The alfalfa 
experiments replicate many processes observed in the field including avulsions and cutoffs, but 
meandering was intermittent and limited to a relatively small portion of the flume [Tal and Paola, 
2007].  

Although previous experiments were able to initiate channel meandering they have not 
been able to maintain channel migration once sinuosity developed. The inability to generate self-
maintaining laterally migrating channels with cutoffs in the laboratory prevents us from 
conducting scaled-experiments which would be valuable in problems ranging from developing 
practical guidelines for stream restoration, to channel response to climate change, and to 
understand the conditions necessary to support meandering channels observed on Mars and 
Titan. These practical and theoretical issues prompted us to explore specifically how to make a 
scaled gravel-bed meandering river. We focus on gravel-bed meanders because of their 
importance to aquatic habitat [e.g., Trush et al., 2000] and stream restoration [Kondolf, 2006], 
and because they can be more readily scaled to laboratory dimensions and hydraulic conditions.  

 Here we report the successful experimental generation of a lateral migrating, 
bedload-dominated meandering channel with repeated cutoffs. The key challenges were to create 
conditions that allowed outer bank erosion and inner bank deposition (including up to the height 
of the adjacent floodplain) at the same rate, and that led to deposition in the bar-adjacent chute 
such that the incipient meandering was not rapidly cutoff by flow diversion down the chute.  We 
hypothesized that in addition to hydraulic conditions that support meandering [see Parker, 1976] 
the necessary conditions to obtain successful experimental meandering were:  1) bank strength 
greater than that due to deposited bedload (to slow outer bank erosion rate), 2) the addition of 
suspended load (to both settle out in the chutes, reducing the tendency for a low sinuosity cut-off, 
and to become deposited on the bar top, raising the surface to floodplain level), and 3) periodic 
overbank flow (to raise the depositional surface of the point bar and to disperse suspended 
sediment into nearby low areas).  Our experiment strongly supports the first two hypotheses, but 
surprisingly meandering was maintained without variable peaks.  The experiment also suggests 
that sand supply and deposition should be included in the design of gravel bed meandering rivers 
for restoration projects and included in numerical models of gravel bar growth in meandering 
rivers.  

2.3 Experimental+methods+

We carved a 40-cm wide, 1.9-cm deep channel in a 6.1-m wide, 17-m long flume set at a 
slope of 0.0046. The downstream 12 m of the flume were slightly steeper (0.0052) than the basin 
as a whole, this steeper reach was generally downstream of the first bend and the influence of the 
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flume inlet. The dimensions, slope, and discharge placed the channel well within the meandering 
regime defined by Parker [1976]. The flume was filled with sorted sand with median diameter of 
0.8 mm (Table 2-1), and an initial bend was carved at the inlet to hasten the onset of meandering 
(Figure 2.1). Following Tal and Paola [2007], we used alfalfa sprouts to provide bank strength. 
We seeded approximately 2.6 kg of alfalfa (1.2 seeds/ cm2) by hand throughout the flume basin, 
while a low flow irrigated the basin. We would then allow the alfalfa to grow for 7-10 days 
depending on the air temperature before we commenced the run. During this period, five 1000 
Watt metal-halide grow lights were suspended over the channel to promote growth and water 
was supplied by an irrigation flow not sufficient to transport sediment. This caused the alfalfa on 
the margin of the basin to die off more quickly than the alfalfa near the channel. We typically ran 
the flume for 10-14 hours over the course of 2-3 days, by which time the alfalfa started to die 
because it had been submerged for an extensive period. We would then replant the alfalfa outside 
of the bankfull channel and allow an additional 7-10 days for the alfalfa to grow. During the 
course of this experiment, we seeded alfalfa 11 times. The alfalfa sprouts have one primary tap 
root, with very small secondary roots. The rooting network differs from mature riparian 
vegetation, which, typically has a broader rooting structure, but is similar to the rooting structure 
of young cottonwood (Populus sp.) and willow (Salix sp.) trees [Amlin and Rood, 2002].  The 
alfalfa was primarily used as a means to provide bank strength, but it also increased flow 
resistance along potential chute cutoffs, and thereby promoted fine sediment accretion along the 
inner bank.  

The flume was run for 136 hours under two hydrologic regimes. For the first 71 hours we 
repeated a simple two-stage hydrograph consisting of 5.5-hours of bankfull flow (1.8 l/s) and a 
1.5-hour flood flow (2.7 l/s). The discharge consisted of a steady bankfull flow for the remaining 
65 hours (Figure 2.2, Table 2-2). In addition during the first 30 hours, we ran three short duration 
flood flows at much higher rates (3.7, 4.2, and 4.4 l/s) to test the effect of high flows on bank 
resistance, overbank sediment deposition, and persistence of channel form (Figure 2.2). The 
channel was in flood stage for about 25% of the first 71 hours of the experiment and 13 % of the 
total run time.  During the last 65 hours, the discharge consisted of a steady 1.8 l/s bankfull flow. 
Although this flow was intended to be at bankfull stage, the channel shallowed so that the 
discharge during the final 65 hours was overbank with 2-5 mm-deep flows on the floodplain. As 
is typical of small experimental channels, the flow was in the hydraulically smooth rather than 
rough regime. 

The sediment feed consisted of both a coarse (sand) and fine (lightweight plastic) 
sediment (Table 2-1) that were fed separately at the upstream end of the flume. The sand scales 
as gravel found in natural lowland gravel bedded rivers. The coarse feed was identical to the 
sediment in the basin, but was painted blue. The 0.8 mm diameter sorted coarse sediment had a 
standard deviation of 1.3 mm.  The coarse feed rate was periodically reduced to limit aggradation 
upstream of the first bend. Of the 102 kg of coarse sediment fed during the experiment, 82% was 
fed during the first 71 hours (Figure 2.3). This is partially due to increased supply during high 
peaks, and also because we increased our efforts to eliminate aggradation at the upstream end of 
the flume as the experiments progressed. Aggradation upstream of the first bend forced water 
onto the floodplain and out of the channel and reduced in-channel discharge downstream. During 
the steady portion of the experiment, much of the coarse sediment was derived from erosion of 
the aggraded bed upstream of the first bend.  
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The fine sediment scaled as sand in gravel bedded streams, moving both as bedload and 
suspended load. The lightweight plastic was crucial for allowing this behavior by combining a 
low settling velocity (allowing for sediment to move in suspension), while reducing the critical 
stress relative to natural sediment with an equivalent settling velocity (e.g. silt). Because of 
excess Shields stress less than 2 for the majority of the bed sediment, the ratio of flow depth to 
median grain size less than 16, and the absence of depth-scaled bedforms (e.g. dunes and 
ripples), we consider this channel as representative of gravel bed streams passing fine sediment.  

We varied the fine sediment feed rate at the beginning of the experiment with an 
averaged feed rate of 3.4 kg/hr over the entire experiment. During the final 65 hours, the fine 
feed rate was held constant at 3 kg/hr. In these experiments the lightweight sediment moved as 
both bedload and suspended load. The fine feed comprised approximately 82% of the total fed 
sediment, higher than portion of sand caught in bedload traps at gravel bed meandering rivers 
[Ferguson et al., 1996; Leopold and Emmett, 1997; Clayton and Pitlick, 2007], which ranges 
from 20 to 70% of the bedload (depending on the river, the stage, and location within the bend. 
Because the fines travel as both suspended and bedload, we set the portion of the fine feed to be 
higher than bedload traps in the field which do not trap sediment suspended in the water column. 
We used two-types of commercially available lightweight plastic sediment as model sand. Both 
types of plastic ranged between 0.25-0.42 mm in diameter and were not cohesive. We used two-
types of commercially available lightweight plastic sediment as model sand. Both types of plastic 
ranged between 0.25-0.42 mm in diameter and were not cohesive. The lightweight plastic for the 
first 71 hours of the experiment was Urea Type II, which has specific gravity of 1.5. For the 
remainder of the experiment, we replaced it with a lighter plastic (Clear-cut), which had a 
specific gravity of 1.3. The fine feed rate during the steady bankfull portion of the experiment (3 
kg/hr) is equivalent to 460 mg/l, which is within the range of suspended sediment concentrations 
during peak flows [Walling and Webb, 1987; Simon et al., 2004]. The average shear velocity 
(u*) in our experiment was 1.5 and 2.4 times the settling velocity (Ws) of the plastic sediment (as 
reported in Rowland, 2007]. The calculated critical shear stress was reduced by 66% (for Clear-
cut) and 54% (for Urea Type II) relative to quartz sediment of equivalent settling velocity. The 
critical shear stress for the plastic sediment was calculated using the best-fit line to the Shields 
curve proposed by Parker et al., [2003]. 

Several measurements were made during the experiments. Overhead photographs were 
taken at 5-minute intervals during the experiment to record the position of the channel. Bed 
topography and water surface elevations were measured from a movable cart above the flume. 
Water surface elevations were measured with a point gauge and bed topography was measured 
using a laser sheet photographed by an oblique camera while the flume was dry. Velocity was 
measured using a dye tracer and overhead photographs taken every 10 seconds. Sediment 
discharge from the flume was not regularly monitored due to repeated equipment failure.   

2.4 Results++

During the course of the 136-hour experiment the channel migrated both laterally and 
downstream, developing five bends and experiencing five distinct cutoff events. At the end of the 
experiment, the channel was entirely self-formed (Figure 2.1 and Supplemental Video 1). The 
wavelength stabilized at approximately 14 channel widths, which is somewhat higher than 
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typically reported for meandering rives [e.g., Knighton, 1998]. Alternate bars were not present 
prior to the development of curvature despite conditions that should have favored alternate bar 
development. Bends grew through a combination of downstream and lateral translation, and on 
average the bends migrated about 2 channel widths laterally and about 5 channel widths 
downstream. Migration rates were fastest during initial bend development at the beginning of the 
experiment and immediately following cutoffs. These rapid periods of channel migration were 
associated with high rates of sediment deposition, which redirected flow and increase 
downstream bar migration rates (see Supplemental Video 1).  

The channel width increased during the first 40 hours of the experiment before stabilizing 
and remaining within ±12% of the resulting channel width for the remainder of the experiment 
(Figure 2.2). The initial large increase in channel width corresponded to the high flow peaks, 
where bank erosion occurred faster than point bars could accrete vertically to create new 
floodplain deposits. For the remainder of experiment, the bar margin kept pace with bank erosion 
as the bar grew vertically to the elevation of the floodplain. The depth was more variable than the 
width, with local changes in depth due to changes in upstream bank erosion. At the conclusion of 
the experiments, the average depth was 1.3 cm.  

The alfalfa sprouts increase the strength of the banks relative to sand without sprouts 
[e.g., Pollen and Simon, 2006], and thereby decreased the rate of bank erosion, giving time for 
inner bank sediment accretion to keep pace with outer bank erosion. Banks eroded by the 
entrainment of grains along the margin rather than by large-scale bank failure. The sprouts both 
roughened the near-bank region and increased the stress required to move particles. Bank erosion 
was not a steady process, and often occurred in pulses as flow was redirected due to upstream bar 
migration and cutoffs. Peak erosion rates occurred when the minimum radius of curvature of a 
bend was 1-3 times the average channel width, lower than generally reported in the literature 
[Hooke, 2003], but similar to the lower Mississippi River [Hudson and Kessel, 2000].  

Bars were built by deposition of coarse sediment eroded from upstream banks and fine 
sediment fed from the upstream end of the flume. Little of the coarse fed sediment was observed 
downstream of the first bar until after the first cutoff (Figures 4 and 5, Supplemental Video 1). 
Prior to this time, deposition of fed sediment at the upstream-most bar caused erosion of the 
outer bank, which provided sediment to downstream reaches. When we reduced the coarse feed 
rates to prevent aggradation at the upstream end of the flume, erosion of the bed upstream of the 
first bar sent sediment downstream.  

Fine sediment was crucial for connecting bars to the floodplain by filling the upstream 
end of chutes.  Chute channel development between the bars and the floodplain was limited to 
rapid periods of migration at the beginning of the experiment and following cutoffs (see 
Supplemental Video 1). After their formation, the upstream end of chutes would at first be paths 
of weak inner bank flow which would carry in fine sediment.  Here the sediment would settle, 
eventually blocking further inflow.  Downstream of the bed apex coarse sediment would shift 
outward by rolling down the bar front, while fine sediment would be carried inward with the 
secondary circulation (as described by Dietrich and Smith [1984]).  This fine sediment would 
tend to deposit on the downstream end of bars (mark F in Figure 2.4 and the white facies in 
Figure 2.5) and settle in the downstream end of chutes, further blocking this pathway.  The 
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chutes for the two upstream-most bars were also sealed at their downstream end by deposition of 
fine sediment.  The consequence of these processes, dominated by fine sedimentation, was that 
the chutes behind each bar were sealed at their upstream end and, at times, at the downstream 
end and the water within them was not flowing. Hence, the chute did not enlarge as the 
experiment progressed (which would lead to cutoff or braiding).   Fine sediment also was 
deposited overbank, forming levee-like features along the right margin of the channel (looking 
downstream) (Figure 2.4 mark O).  In natural meanders such processes would contribute to bank 
strengthening through the deposition of sediment (silt and clay) that have high critical shear 
stress upon re-entrainment. 

The sinuosity increased throughout the experiment to a maximum value of 1.19 with dips 
during cutoff events, which limited the sinuosity of the channel (Figure 2.2). The water surface 
slope and bed slope ranged from 0.0044 to 0.0047 downstream of the first bend during the final 
50 hours of the experiment. The channel straightened via chute cutoffs five times during the 136-
hour experiment or an average of 1 cutoff every 25 hours (Figures 1 and 2). Of the five cutoffs, 
four were caused by channel migration into an abandoned and isolated chute, and in two of these 
cutoffs the channel switched back to its pre-cutoff location within a few hours (Figure 2.1). The 
fifth (and final) cutoff occurred when upstream bank erosion caused local aggradation increasing 
the flow depth over the floodplain deposits even though the discharge was steady. The overbank 
flow became concentrated, where vegetation growth was weakest, and carved a small channel, 
which eventually connected with the downstream chute and expanded into a cutoff. Following all 
of the cutoffs, the channel regenerated bars and the abandoned channels were quickly plugged 
with fine sediment (Figure 2.6).  

2.5 Discussion+

Although we expected that variable discharge would be required to promote the creation 
of new floodplain via point bar growth, we found that meandering was maintained during steady 
flows as well. This occurred because as the channel evolved, our designed bankfull flow became 
slightly overbank, which allowed overbank deposition during steady flow. Had the floodplain 
roughness been greater (through higher alfalfa density), the flow may have been may have forced 
the steady flow to be entirely contained within the bankfull channel as observed by [Tal and 
Paola, 2007]. High peak flow tests during the first 40 hours of the experiment caused the channel 
to widen progressively  (Figure 2.2) as the bars did not have sufficient time to accrete vertically 
to the floodplain elevation and had we continued with these high peaks the channel likely would 
have braided. Our results imply that limiting bank erosion rate to the rate at which bars can grow 
is crucial for maintaining a meandering morphology. They also suggest that erosion during rare 
high events may control whether a channel has a braided or meandering morphology.  

Comparing the experimental migration rates to the field requires scaling time between the 
experiment and the field. Additionally, because migration rates are often reported as a portion of 
the channel width per year, we must also account for the number of days per year during which 
bankfull flows or greater occur. Time scales differently than length in flume experiments, 
however, and the scaling procedure differs depending on the process of interest [Yalin, 1971; 
Peakall et al., 1996]. Here we use a Froude-scale approach common in laboratory experiments 
[Ashmore, 1998; Parker et al., 2003]. Extrapolating our experiments to the field requires scaling 
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our experiments to the field, and then estimating the data to years (the typical time unit of 
migration rates), by estimating the exceedance probability of bankfull floods. In Froude-scale 
models like this experiment, time is scaled by multiplying the experimental time by the square 
root of the scaling factor [Yalin, 1971; Peakall et al., 1996; Parker et al., 2003]. Field time is 
converted to experimental time by: 

!!"#$% = !!!"#$%       (2.1) 

where tflume is the experimental duration, λ is the scaling factor (and is less than 1) and tfield is the 
equivalent time in the field.  

The mean values of bed grain size (40 mm), bankfull width  (43 m) and depth (1.5 m) of 
the gravel-bed meandering rivers analyzed by van den Berg [1995] suggest the length scale 
factor (λ) for our flume to be between 1/30 and 1/100. Assuming λ ranges between 1/30 and 
1/100, our 136-hour experiment corresponds to 31 to 57 days of bankfull or greater flow. 
Although there is significant variation, bankfull flow is exceeded approximately 8 days per year 
in Wyoming [Dunne and Leopold, 1979] and Colorado [Andrews and Nankervis, 1995]. Nixon 
[1959] found that bankfull discharge occurred 2.2 days per year for 29 rivers in England and 
Wales, but this was based on only five years of data at each river, whereas much of the data from 
Andrews and Nankervis [1995] is from gauges with at least 15 years of data. If we use the data 
from the Rocky Mountains and assume that most channel migration occurs during bankfull 
flows, which are typically equaled or exceeded 8 days per year [cf. Dunne and Leopold, 1979; 
Andrews and Nankervis, 1995], then our 136-hour experiment corresponds to 5-7 years of high 
flows. Excluding the rapid migration rates at the beginning of this experiment, the average basin-
wide migration rate calculated following the procedure described in Micheli and Kirchner [2002] 
ranged between 0.5 to 0.7 channel widths per year, depending on the scaling factor. Migration 
rates reported in the literature for natural channels are often reported for individual bends and 
range from less than 0.01 to a maximum 0.18 channel widths per year with a clustering of data 
around 0.01 to 0.02 channel widths per year [Nanson and Hickin, 1986; Hooke, 2007]. Hence 
our rate is much faster than that typically found in natural channels.  To reduce the migration, we 
could have grown alfalfa to a high density (bank strength is linearly related to alfalfa density 
[Pollen and Simon, 2006]). Decreasing our migration rates to typical field values would, 
however, require increasing the duration of experiments by about an order of magnitude, 
requiring several years to complete.  

Maintaining a meandering morphology and steady width under such rapid migration rates 
requires an equally rapid bar growth rate. In our experiment, the fine sediment was critical to 
maintaining this rapid bar growth rate because fines deposited in areas where coarse sediment 
did not: at the upper elevation of the bars, the chute tops, and downstream of the bar apex. We 
note that in relatively sinuous gravel bed meanders with high migration rates sand makes up the 
majority of the sediment accreted along the inner bank [Leopold and Wolman, 1960; Hooke, 
1995].   Without fine sediment deposition, the bars would not have grown to the elevation of the 
floodplain, and the chutes would be much larger.  

 If the migration rates were much slower there may have been sufficient time for bar 
growth to keep pace with bank erosion in the absence of fine sediment, but several lines of 
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evidence indicate that this may not be the case.  As discussed above, studies of coupled flow and 
sediment transport in meander bends show that bedload and suspended load follow separate 
paths, with bedload transported toward the outer bank downstream of the bar apex and 
suspended sediment transported toward the bar [Dietrich and Smith, 1984], and the downstream 
end of the bars are therefore finer [Fisk, 1944; McGowen and Garner, 1970; Bluck, 1971; 
Nanson, 1980; Clayton and Pitlick, 2008].  Even at flood discharge, bedload transport over the 
top of the bar tends to travel towards the outer bank.  Hence, in the absence of suspended bed 
material, which can travel with the secondary currents to the inner bank and deposit (elevating 
the bar along the inner bank and closing the back bar chutes), there is no mechanism to attach the 
bar to the bank and to prevent chute cutoff at high flow.  Dense vegetation can contribute to 
surface stabilization and retard chute cutoff, but without fine sediment to infill the chute, flow 
can reoccupy this path (and promote island bars). Vegetation growth on exposed bar surfaces 
also slows the flow, traps fine sediment, and induces vertical accretion.  In exceptional cases of 
slowly migrating meanders with abundant vegetation, organic detritus may collect and 
consolidate to retard chute cutoff and maintain meandering.  These experiments show that 
models of bar growth in meandering streams should include both coarse and fine sediment to 
allow bars to create new floodplain deposits. The experiments also contradict the practice of 
limiting sand supply in many restoration projects in meandering rivers. 

Although the migration rates in this experiment were high relative to natural rivers, the 
sinuosity was relatively low. Our maximum sinuosity downstream of the first bend was 1.19, 
which is considerably lower than most meandering gravel bedded channels, where sinuosities are 
often greater than 1.5 [Hickin and Nanson, 1984; Hooke, 2007]. Despite the low sinuosity, the 
processes of bar growth, bank erosion, and cutoff were similar to gravel bed meanders in the 
field. These processes resulted in a channel with a width-depth ratio and a bend wavelength to 
width ratio within the range of natural channels [Parker et al., 2007]. As also observed by 
Friedkin [1945], sinuosity was limited by the cutoff frequency. In our case the rapid migration 
(particularly downstream migration) increased the cutoff frequency by increasing the rate at 
which the channel migrated into open chutes. In addition, rapid migration during curvature 
development may limit chute filling because the main flow and high concentrations of sediment 
migrate away from the chutes. Filling the entire chute with sediment would decrease the cutoff 
frequency and consequently allow the sinuosity to increase but this would require either much 
higher sediment concentrations or limiting migration rates to increase the time for fine sediment 
to deposit in the chute. Based on these experiments, we would expect meandering channels in the 
field to have higher sinuosity where cutoffs are suppressed by rapid filling of chute channels 
during bar growth.  

Taken together these results suggest that developing highly sinuous channels requires 
sufficient time for fine sediment to completely infill low areas along the inner bank such that 
chutes are essentially gone, and cannot be exploited during chute cutoffs. This would reduce the 
frequency of chute cutoffs and allow the channel to develop a greater sinuosity.  Experimentally 
it may be difficult to achieve such high sinuosity channels through the method of bank 
strengthening with alfalfa sprouts because growth of the sprouts imposes significant time delays 
in running experiments.  In our experiments we had to pause one week every for 15 to 20 hours 
of runtime to reseed the alfalfa and allow it to grow.  Making self-maintaining, high-sinuosity 
laboratory meanders will be the next experimental challenge.   
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2.6 Conclusions+

By increasing the bank strength relative to non-cohesive sediment and promoting 
deposition of fine sediment in troughs between point bars and the floodplain we created the first 
self-sustaining meandering channel in a laboratory flume. The initial sedimentologic and 
hydraulic conditions were sufficient for meandering as defined by Parker [1976]. The channel 
width stabilized after the first 40 hours of the experiment, indicating that bank erosion and bar 
growth occurred at about the same rate and there was little change in width as the channel 
migrated and cut off. Chutes remained behind bars, and bars were connected to the floodplain at 
their upstream end, and were either open or closed off at their downstream end. Chute cutoffs 
occurred when the channel migrated into open chutes or following local aggradation and incision 
along preferential flow paths. Our migration rates were very fast relative to natural channels, 
which allowed chutes to remain behind bars and likely increased the cutoff frequency. Given 
such rapid migration rates, fine sediment was critical for attaching chutes to bars, elevating the 
deposition rate downstream of the bar apex, and plugging cut off channel. Sinuosity was low 
relative to meandering rivers in the field, likely because of the frequent cutoffs caused by 
partially open chutes. Slowing the migration rates to typical field values would likely increase 
the amount of fine sediment deposited in the chutes (and decrease chute cutoff frequency) but 
would increase the time required for the experiments significantly. Meandering was maintained 
with a steady, slightly over bank flow, and variable discharge was not necessary. 

These experiments suggest that bank strength and, surprisingly, sand are necessary 
components of restoration projects for gravel bed meanders.   The results provide the first data 
on entirely self-formed meandering channels that can be used to test new theories of meandering 
that explicitly model inner bank sediment accretion, and thereby, predict channel width, rather 
than assume it is a fixed value.  This should be a stepping stone towards a general mechanistic 
theory for channel width in river channels.    
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2.8 Tables+

Table 2.1. Experimental conditions 
Parameter Value 

Flume width 6.7 m 
Flume length 17 m 
Median coarse grain size 0.8 mm 
Median fine grain size 0.3 mm 
Initial channel width 40 cm 
Initial channel depth 1.9 cm 
Bankfull discharge 1.8 l/s 
Basin slope 0.0046 
Froude number 0.55 
Reynolds number 4,500 

 

Table 2.2. Comparison of conditions for the two runs. 
 Variable discharge Steady discharge 
Duration 0-71 hours 71-136 hours 
Bankfull discharge 1.8 l/s 1.8 l/s 
Overbank discharge 2.6 l/s n/a 
Plastic sediment specific 
gravity 1.5 1.3 

Basin slope 0.0046 0.0046 
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2.9 Figures+

 
 
 
 
 
 
 
 
 
 
Figure 2.1. Map of channel position through time. Panel A shows the channel position during the 
first 71 hours of the experiment when discharge included both a bankfull and flood flow, while 
panel B shows channel evolution from 71-136 hours when the discharge was a steady bankfull 
flow. The original carved channel boundary is represented by the dashed lines, and the channel 
margin at 10 hours is not visible beneath the boundary at 20 hours, when the channel width was 
expanding. The short-lived cutoff at 29 hours is not visible in this figure. Chutes have not been 
included in the figure for clarity, but the morphology of chutes is shown in Figure 3.  
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Figure 2.2. Discharge, channel width, and sinuosity change with time. The channel width is the 
average of 10 measurements downstream of the upper 5 m, the straight reach influenced by the 
input conditions. The sinuosity is measured downstream of the first bend and does not include 
the straight section immediately downstream of the inlet. Dips in the sinuosity are associated 
with cutoffs.  
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Figure 2.3. Cumulative sediment feed for coarse (black) and fine (gray) sediment. The coarse 
feed was adjusted to prevent aggradation upstream of the first bend, and the majority of the 
coarse feed was supplied in the beginning of the experiment.  
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Figure 2.4. Overhead photograph and shaded topographic image 103 hours after the beginning of 
the experiment. The topographic image does not extend the length or entire width of the flume. 
In the topographic image, darker areas are lower elevation.  Labels indicate chute channels, fine 
sediment deposits at the downstream end of bars, and areas of overbank deposition. In the 
photograph, the blue sediment is sand fed from upstream, the brown sediment is derived from the 
bed and banks of the channel, and the white sediment is fine sediment fed from upstream. The 
right bank was slightly lower than the left bank. A feature similar to a breakout channel formed 
during periods of aggradation at the upstream end of the flume on the lower elevation right bank.  
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Figure 2.5. Sediment facies in of second and third bars downstream from the flume inlet. Fine 
sediment facies are mapped where the majority of the floodplain thickness was fine sediment. 
Accumulation of organic matter from dead alfalfa makes some of the bar appear brown where it 
is primarily fine sediment.    
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Figure 2.6. Photograph of cutoff channel and fine sediment filling the former channel. Sediment 
colors are the same as Figure 4. Fines also comprised the downstream end of the bar visible in 
the photograph. This was the final cutoff of the experiments and was caused by headward 
erosion rather than bar migration into a chute. 
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3 Where+do+gravel+bedded+rivers+meander?+

3.1 Abstract+

The conditions which support meandering in gravel bed rivers are poorly understood, 
challenging theory, impairing stream restoration, and reducing our ability to infer environmental 
conditions where gravel meanders are present. We assembled a database of 166 gravel bedded 
meanders (and a smaller set of data for gravel braided and sand bedded meanders) to explore 
their morphology and the conditions that control their planform. Only meanders bounded by 
floodplains for at least 90% of their length with ample room for meander growth and cutoff were 
included in this analysis. The available dataset is strongly biased toward North America and 
Britain. We subdivided gravel bed meanders into three groups: meanders with cutoffs, meanders 
with islands (but with cutoffs), and meanders without cutoffs. This third meander type, though 
not widely discussed, is relatively common, especially in the British dataset. Meanders lacking 
associated cutoffs also lack scroll bars and appear to record stabilized channel forms. In general, 
meanders with cutoffs have lower channel and valley slopes relative to their discharge than 
meanders with islands and meanders without cutoffs. For meanders with median surface grain 
sizes > 8 mm, meanders with cutoffs had median bankfull Shields stress of 0.037, while 
meanders with islands and meanders without cutoffs had higher, but still relatively low Shields 
stresses (~0.044). In contrast, Shields stresses were 2-5 times higher for channels with median 
grain sizes ≤ 8 mm, likely due to the presence of sand dunes on the bed. Low Shields stresses for 
all gravel bedded meanders relative to gravel braided streams suggest that gravel bedded 
meanders develop under conditions of low sediment supply. Estimates of the relative input of 
gravel from banks versus the transport capacity indicate that gravel meanders are primarily 
exchanging gravel between eroding banks and downstream point bars, with little gravel supplied 
from upstream and little net downslope transport. Collectively our observations suggest that 
active gravel bedded meanders that experience periodic cutoff and regrowth are uniquely 
associated with low gravel sediment supply and low Shields stresses that are able to erode outer 
banks but cause limited net transport. Meander bends with islands (and cutoffs) experience 
somewhat higher Shield stresses, perhaps greater coarse sediment load, and may have lower 
bank strengths. The meanders without cutoffs are unexpected theoretically and maybe of diverse 
origins:  emergence of a sinuous form without migration or cessation of migration due to 
changing conditions. For restoration purposes the distinction between actively migrating (to 
cutoff) and static form is important and field investigations are needed to understand what leads 
to stable meander form.  

3.2 Introduction+

It is surprising that gravel bedded rivers can have a meandering planform. In both gravel 
and sand bedded meanders, the deposited gravel and sand has no cohesive strength, hence upon 
exposure in outer bank walls the sediment should be subject to relatively rapid erosion, leading 
to channel widening, mid-channel bar growth and braiding [e.g., Friedkin, 1945; Federici and 
Paola, 2003]. Despite this, meanders are common, even when cutting through floodplain deposits 
of their own making, and many have suggested that they occur because deposited coarse 
sediment is either capped with cohesive material (from deposition of suspended sediment) or 
strengthened via vegetation [e.g., Friedkin, 1945; Brice, 1964; Millar, 2000; Micheli and 
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Kirchner, 2002; Parker et al., 2011]. Even at bankfull stage, however, gravel bedded rivers 
typically have Shields stresses close to threshold of transport [Parker et al., 2007; Zolezzi et al., 
2009; Metivier and Barrier, 2012], possibly making meandering, which reduces the channel 
slope, less likely. Increases in bed load supply would tend to expand the finer surface areas of 
strong bedload transport [e.g., Dietrich and Whiting, 1989] and force the slope to increase and 
thus reduce meandering tendencies. In contrast, sand bed channels typically have Shields stresses 
well above their critical transport threshold [Parker et al., 2003; Wilkerson and Parker, 2011], 
and are able to accommodate changes in sediment supply through changes in the morphology of 
bedforms as well as slope [Dietrich and Whiting, 1989]. Some river classification systems 
therefore exclude full meandering as a planform in gravel bedded rivers [e.g., Church, 2002; 
Church, 2006], implying that instead that conditions capable of transporting gravel will promote 
alluvial channels that are predominantly braided or wandering. Gravel meanders nonetheless 
occur and have received some mechanistic study [Dietrich and Whiting, 1989; Clayton and 
Pitlick, 2007] and description of their sedimentology [e.g., McGowen and Garner, 1970; Bluck, 
1971; Nanson, 1980]. They are often created for stream restoration projects [Kondolf et al., 
2001; Smith and Prestegaard; 2005; Kondolf, 2006; Harrison et al., 2011] because they provide 
extensive habitat diversity [e.g., Trush et al., 2000] relative to other gravel bedded river 
planforms. Despite many years of study and restoration application, the geography and hydraulic 
characteristics that lead to and maintain meandering rather than braiding in gravel bed channels 
remain uncertain. In this paper, we compile an expanded database of gravel bedded meanders 
(hereafter referred to as gravel meanders) to explore where gravel bedded rivers meander in 
terms of both their geographic distribution and the hydraulic conditions that support their 
formation. 

Theory suggests that the width to depth ratio (B/H) and τ* strongly influence the form of 
channel bars and channel pattern [e.g., Colombini et al., 1987; Seminara and Tubino, 1989; 
Crosato and Mosselman, 2009]. B/H and τ* may also control the migration and form of 
meandering channels [Blondeaux and Seminara, 1985; Seminara, 2005; Zolezzi et al., 2009]. 
Local increases in width can promote the development of mid-channel bars in gravel meanders 
[Luchi et al., 2010a; Luchi et al., 2010b], but they can also arise in uniform width channels due 
to curvature effects in short bends [Luchi et al., 2010a]. The absence of a general theory for 
channel width has caused most meander migration models to assume the width is constant [e.g., 
Ikeda et al., 1981; Johannesson and Parker, 1989; Howard, 1992; Sun et al., 1996]. Channel 
width can be assigned based on hydraulic geometry relationships [e.g., Ferguson, 1981; 
Kleinhans and van den Berg, 2010] or regime theory [e.g., Millar, 2000; Eaton et al., 2010], both 
of which are subject to large uncertainties. Numerical models are currently being developed that 
use flow and sediment transport mechanics to independently model outer bank erosion and inner 
bank deposition and could be used to explore what processes sustain meandering in coarse 
bedded rivers, but these models are in their early stages of development [e.g., Parker et al., 2011; 
Asahi et al., 2013]. 

Because of the difficulty of modeling the physics of flow and sediment transport to 
predict channel width and channel pattern, many studies have used correlation analyses of 
empirical datasets to define boundaries between meandering and braided morphology [Leopold 
and Wolman, 1957; Schumm, 1963; Carson, 1984; Ferguson, 1987; van den Berg, 1995; Xu, 
2008; Kleinhans and van den Berg, 2010 among many others]. The Leopold and Wolman [1957] 
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analysis is the most widely used method to predict channel form. The threshold between braided 
and meandering channels in their dataset be defined by the equation:  

! = 0.013!!"!!.!!        (3.1) 

where S is the channel slope and Qbf is the bankfull discharge in m3/s. Equation 3.1 had been 
adapted from the English units used in Leopold and Wolman [1957] to metric units. Meandering 
rivers have slopes less than predicted by the line whereas braided channels are steeper. 
Subsequent studies have shown that this threshold correctly identifies braided gravel channels 
and sand meandering channels but not gravel meanders [e.g., Carson, 1984; Ferguson, 1987]. 
Rivers with coarser beds tend to plot further from the threshold than rivers with finer beds [e.g., 
Carson, 1984; Ferguson, 1987]. Other channel pattern predictors combine channel slope and 
discharge into the stream power or unit stream power, where hydraulic geometry is used to 
predict channel width [Ferguson, 1981]. Because sinuosity is a function of channel pattern 
(meandering channels are sinuous while braided channels are straight) valley slope is often used 
rather than channel slope [van den Berg, 1993; Alabyan and Chalov, 1998; Kleinhans and van 
den Berg, 2010].  

Compilations of field data show that relative to braided rivers of equivalent bankfull 
discharge meandering rivers are less steep [Leopold and Wolman, 1957; Ferguson, 1981; 
Beechie et al., 2006], are less steep for equivalent surface grain size [Henderson, 1966; Carson, 
1984; Ferguson, 1987; van den Berg, 1995; Xu, 2008; Kleinhans and van den Berg, 2010; Eaton 
et al., 2010], or have stronger banks due to either vegetation [Millar, 2000; Beechie et al., 2006; 
Eaton et al., 2010] or cohesive sediment [Schumm, 1963]. Similar to Leopold and Wolman 
[1957], subsequent channel pattern discriminators successfully predict transitions from gravel 
braided channels to sand bed meanders, gravel meanders overlap with gravel braided rivers and 
sand meanders [e.g., Carson, 1984; Kleinhans and van den Berg, 2010]. Empirical and 
theoretical studies of river channel patterns emphasize that transitions between channel patterns 
are gradual rather than abrupt with many intermediate forms [e.g., Leopold and Wolman, 1957; 
Kellerhals et al., 1976; Parker, 1976]. Kleinhans and van den Berg [2010] discriminated channel 
patterns based on the median surface grain size and the “potential unit stream power’, the 
product of valley slope and the square root of discharge. They found that the onset of gravel 
meanders with scroll bars occurs at lower potential unit stream power for a given surface grain 
size than gravel meanders with chute bars, but there is still considerable overlap between gravel 
meanders and gravel braided channels [Kleinhans and van den Berg, 2010]. 

Previous research has emphasized that in order to have sufficiently small width-depth 
ratios, gravel meandering rivers require relatively high bank strength [Schumm, 1985; Metivier 
and Barrier, 2012] and low sediment supply [Carson, 1984; Schumm, 1985; Ferguson, 1987; 
Metivier and Barrier, 2012], neither of which are easily quantified in correlation analysis. Field 
and laboratory studies of river morphology both emphasize that bank strength is a crucial 
component for meandering [Schumm, 1985; Ferguson, 1987; Smith, 1998; Tal and Paola 2007; 
Braudrick et al., 2009; Parker et al., 2011; Metivier and Barrier, 2012; van Dijk et al., 2013]. 
Flume experiments show that without bank strength, channels braid, and the addition of bank 
strength can have a profound effect on channel form [Friedkin, 1945; Smith, 1998; Tal and 
Paola, 2007; 2010]. Bank strength (when the bank is composed of sediment deposited by the 
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river) can be derived from vegetation [Hickin, 1984; ASCE Task Committee, 1998; Micheli and 
Kirchner, 2002] or material cohesion from silts and clays [Schumm, 1963; ASCE Task 
Committee, 1998; Constantine et al., 2009]. Although the bank failure mechanisms often differ, 
the ability to remove material deposited at the toe of eroded banks limits the migration of some 
rivers [e.g., ASCE Task Committee, 1998; Parker et al., 2011]. Highly vegetated channels tend 
to be narrower than less densely vegetated channels [Andrews, 1984; Hey and Thorne, 1986; 
Metivier and Barrier, 2012]. Channels with denser vegetation also have higher average Shields 
stresses than channels with less dense vegetation, suggesting that banks strengthened by dense 
vegetation can withstand higher bank stresses [Parker et al., 2007]. Vegetation not only adds 
strength to the banks, but can also strengthen the floodplain, limiting cutoffs and promoting 
higher sinuosity [Smith, 2004; Braudrick et al., 2009; Kleinhans, 2010]. Experiments suggest 
that strength from vegetation alone is not sufficient and that fine sediment is also required to 
allow bars to grow to the elevation of the floodplain, particularly downstream of the bend apex 
[Braudrick et al., 2009]. 

There are few measurements of sediment supply that can be used to directly compare the 
role of sediment supply in channel patterns [e.g., Metivier and Barrier, 2012; Pitlick et al., 2012], 
so instead the channel is assumed to be at equilibrium with the sediment supply and the Shields 
stress (τ*) is often used as a proxy for sediment supply [e.g., Metivier and Barrier, 2012]. The 
Shields stress is: 

!∗ = !!
!!!! !!!"

        (3.2) 

where τb is the boundary shear stress, ρ is the density of water, ρs is the density of sediment g is 
gravitational acceleration, and D50 is the median grain size of the bed surface. τ*is higher on 
average for gravel braided than gravel meandering channels, but gravel meandering channels 
span nearly the entire τ* range of the braided channels [Metivier and Barrier, 2012], suggesting 
that some gravel meanders are resilient to high sediment supply (i.e., they do not transform to a 
braided morphology). Bedload measurements in gravel meanders show that 30-60% of the 
bedload trapped in gravel meanders is sand, even though it is not present on the bed surface 
[Leopold, 1992; Ferguson et al., 1996; Clayton and Pitlick, 2007]. Moreover, there may be 
strong size-selective transport with the 85% of the load finer than the median size of the bed 
surface [e.g., Dietrich and Whiting, 1989; Clayton and Pitlick, 2007] and the gravel that makes 
up the bulk of the bed may rarely move, and when it does movement is limited to short distances 
[Leopold, 1992].  

This paper explores the geographic distribution of meandering in gravel bedded rivers 
using an expanded database from the literature coupled with aerial photographic investigation of 
each of the sites using Google Earth. We use these data to explore the physical conditions of 
gravel meanders and document the geographic distribution of such channels and their floodplain 
characteristics. Our data compilation relies on English language literature and is, thus, biased 
towards countries where English is spoken. Despite this bias, the compiled data reveal important 
controls on the conditions where meandering occurs in gravel bedded rivers. Using Google Earth 
and descriptions in the literature, we were careful to only include rivers with alluvial banks and 
beds where the interaction with bedrock banks and terraces was less than 10% of the bank 
length.  
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We found when examining the Google Earth imagery that sites defined in the literature as 
“meandering” differed in important ways. We therefore subdivided gravel bedded meanders into 
three morphologies: meanders with cutoffs and without islands, meanders with cutoffs and 
islands, and meanders without cutoffs. The unanticipated category was third one in which the 
Google Earth imagery indicates that the channel has not swept across its floodplain. This 
distinction has practical considerations:  some restoration projects want a dynamically shifting 
gravel-bedded meander and others do not. This raises the question of whether there are empirical 
differences between the two that are not distinguished by channel planform–potentially an 
important observation for stream restoration.  

3.3 Methods+

3.3.1 Characteristics+of+gravel+meanders+database+
We have compiled 166 gravel meanders for our database (Appendix B–Table B1). Many 

of these were included in previous data compilations [Leopold and Wolman, 1957; Church and 
Rood, 1983; Andrews, 1984; Hickin and Nanson, 1984; Hey and Thorne, 1986; van den Berg, 
1995; Beechie et al., 2006; Kleinhans and van den Berg, 2010; Metivier and Barrier, 2012] and 
we have expanded previous datasets using additional data from gravel meanders reported in the 
literature (see Appendix B–Table B1). We did not include obviously incised meanders, meanders 
with bedrock beds, or meanders with a >10% of their length abutting hillslopes or terraces rather 
than floodplain deposits. We also did not include rivers that were individual branches of 
anabranching systems (e.g., the Ovens River, Australia), regardless of their morphology because 
the anabranching form alters how flow and sediment are routed at during different flood stages. 
Where possible, we checked the original data source to verify the data, which has resulted in a 
few minor differences between our dataset and the same rivers in previous compilations. To 
facilitate comparisons with other channel types, our database includes 74 sand bed meanders and 
36 gravel braided streams primarily from van den Berg [1995] and Kleinhans and van den Berg 
[2010] (Appendix B–Tables B2 and B3).  

The data available and collection methods varied from site to site and ranged from a 
minimal description of the river as a gravel meander (e.g., Derry Burn) to a complete set of 
hydraulic variables (Appendix B–Table B1). Data include the location, bankfull discharge, 
drainage area, bankfull width and depth, bankfull width-depth ratio, surface median grain size, 
channel slope, valley slope, sinuosity, and channel migration rate (Appendix B–Table B1). We 
used the reported bankfull discharge from each site. Where bankfull discharge was not defined, 
we used the 1.5 or 2 year flow. Morphologic data were averaged over reaches of uniform slope 
and discharge. The data collection method for grain size varied from photogrammetric methods 
to pebble counts, to surface bulk samples, and likely contains some uncertainty.  

For every site we defined a reach where the channel morphology was relatively constant. 
The reach length varied from site to site, and tended to be shortest for channels in small intra-
mountain meadows and urban rivers. Using Google Earth in combination with site descriptions 
from the literature, we noted the presence of cutoffs and islands, the vegetation type and the 
dominant land use. If cutoff scars were visible on Google Earth, we categorized the channel as 
having cutoffs regardless of their degree of infilling. The lack cutoff scars on floodplains implies 
that the channel is not migrating, but because Google Earth photographs often span only a few 
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years it is possible that these channels are migrating very slowly or only during very large floods. 
We noted the presence and type of islands in each study reach. Because island visibility on aerial 
photographs is often function of flow stage, we examined images from multiple years where 
possible. If islands only occurred on one bend of a long reach, we noted their presence but 
categorized the channel as not having islands. Islands could be either unvegetated mid-channel 
bars exposed at low flow or vegetated islands. Vegetation was categorized into 4 types: 
grasses/shrubs (Class 1), predominantly grasses/shrubs with sparse forests (Class 2), 
predominantly riparian forest with grasses/shrubs (Class 3), and forested (Class 4). The portion 
of trees on the channel banks increases with increasing vegetation class. Land use was 
categorized into agricultural, urban/industrial, forested, and rangelands.  

Our approach assumes that the channel patterns in aerial photographs are linked to 
hydraulic and sediment data collected for the sites. This may lead to a temporal disconnect 
between the photographs and the site characteristics given that we are using recent aerial 
photographs, and surveys of channel dimensions, slope, and grain size may date back as far as 
Leopold and Wolman’s measurements published in 1957. We also assume that the current 
channel form is related to the calculated Shield stress, which is a surrogate for gravel sediment 
supply averaged over a morphologically significant time period.  

3.3.2 Data+Analysis+
Where data were sufficient, we made several calculations to calculate proxies for 

sediment transport and assess hydraulic variables. The boundary shear stress is:  

!! = !"!!!          (3.3) 

where τb is the boundary stress, ρ is the density of water (assumed to be 1000 kg/m3), g is 
gravitational acceleration (9.81 m/s2), and Rh is the bankfull hydraulic radius (if not provided Rh 
was calculated assuming a rectangular cross section). 

The particle Reynolds number (Rep) is: 
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!          (3.4) 

where ν is the kinematic viscosity (assumed to be 10-6 m2/s) and ρs is assumed to be 2650 kg/m3.  

To assess the maximum size of suspended sediment we calculated the Rouse Number: 

!∗
!"!

= 2.5!!!"!!!∗ =!!        (3.5) 

where Ws is the settling velocity of the sediment, k is von Karman’s constant (equal to 0.4) and 
u* is the shear velocity. The settling velocity was calculated using Dietrich [1982] assuming a 
Corey Shape Factor of 0.7, Powers Roundness of 3.5, and a kinematic viscosity of 10-6 m2/s. 

u* is equal to: 
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3.4 Results+

From our Google Earth analysis we grouped the 166 gravel bed meanders based on the 
presence of cutoffs and islands. The dataset contained 40 gravel meanders with cutoffs and 
without islands (hereafter referred to as gravel meanders with cutoffs), 55 gravel meanders 
without cutoffs, and 71 gravel meanders with islands/mid channel bars and cutoffs (hereafter 
meanders with islands). Of the 55 gravel meanders without cutoffs, 14 had islands. Examples of 
each channel type are shown in Figures 3.1-3.3. Some meanders with cutoffs had well-developed 
point bars (Pearl River, LA, Figure 3.1b) and other had well-developed scrolls (e.g., Taieri River, 
New Zealand, Figure 3.1d). Cutoff scars ranged from open and still attached to the channel 
(Figure 3.1d) to completely filled in and vegetated (Figure 3.1a). Island meanders contained both 
vegetated and unvegetated islands. Eighteen of the meandering channels with islands contained 
only unvegetated islands, 16 contained only vegetated islands, and 33 contained a mix of 
vegetated and unvegetated islands. Islands were not continuously present through the reaches, 
but occurred as mid-channel bars in locally wide sections or in chutes along the inside of point 
bars (Figure 3.2). Of the 49 sand meanders with location data, 7 had islands and 47 had cutoffs 
(Appendix B–Table B2).  

3.4.1 Geographic+Distribution+of+Gravel+Meanders+
Gravel bed meanders in our database are concentrated in western North America and 

Great Britain, which together make up nearly 90% of the dataset (Figure 3.4). This reflects a bias 
in both the English-language literature and also likely reflects a bias in the site selection of 
researchers. In North America, gravel meanders are mostly found in the Rocky Mountain region 
in the US and Canada, in the plains adjacent to the Canadian Rockies, the Piedmont of the 
Eastern US, and in Puget Sound and Olympic Peninsula. The geography of gravel bed meanders 
provides clues to both the source of coarse sediment and also the source of bank strength. Most 
of the rivers in the dataset are located along mountain ranges (particularly the Rocky Mountains), 
in formerly glaciated landscapes (Great Britain), or periglacial landscapes (Piedmont region of 
the Eastern U.S.). Two US Piedmont sites on Watts Branch were influenced by mill dams 
(Walter and Merritts, 2008; Merritts et al., 2011), but the influence of mill dams on the 5 other 
Piedmont rivers is unknown. The Pearl, Amite, and Bogue Chito rivers in Louisiana derive their 
gravel from Plio-Pleistocene glacio-fluvial terraces [Self, 1983], suggesting that gravel meanders 
far from a glacial source can also be a legacy of past climates. Several rivers have no obvious 
nearby gravel sources, and gravel appears to be a lag deposit of particles with low breakdown 
rates or a previous climatic regime. In these streams (notably, the Congaree in South Carolina 
and the Neosho River in Kansas), gravel is mostly exposed on bars and is concentrated in a thin 
layer overlain by sand and silt [Levey, 1977; Juracek and Perry, 2004].  

The geographic distribution of rivers in the database suggests that climate may also affect 
the distribution of gravel bed meanders. Nearly the entire database is located in either moderately 
humid regions (Britain, eastern US) or along mountain ranges with snowmelt hydrographs 
(western North America). There are only 2 arid gravel meandering rivers in the dataset: the 
Lower Jordan River between the Sea of Galilee and the Dead Sea and the Nueces River near 
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Uvalde, TX. The Nueces River has extreme discharge variation and occasionally runs dry at a 
drainage area of 5,050 km2 [Gustavson, 1978]. In places, the Lower Jordan River and the Nueces 
River abut marly-rich terraces that supply high loads of fine material to the channel that deposits 
in the channel banks [Schattner, 1962; Gustavson, 1978]. In the Lower Jordan River, marly 
deposits provide fine-grained cohesive sediment to the river and the most sinuous reaches are 
associated with regions of marly bedrock [Schattner, 1962].  

Gravel meanders with cutoffs occur throughout the geographic range of the dataset, 
nearly three-quarters are located in North America, mainly along the Rocky Mountains in the US 
and Canada (Figure 3.4B). These rivers are located along mountain fronts and also in high 
elevation inner-montane valleys. Just over one-quarter of meanders with cutoffs are at elevations 
greater than 1000 m, a much higher portion than sand meanders and gravel meanders without 
cutoffs (Figure 3.5). Elevation is likely a proxy for the type of hydrograph, with snowmelt 
hydrographs common in high-altitude channels. Gravel meanders with islands are common in the 
Rocky Mountain Front Range, Pacific Northwest, and also occur in Alaska, and New Zealand. 
Over 1/3 of meanders with islands are located at elevations greater than 1000 m (Figure 3.4). 
Nearly 70% of British rivers in the database are meanders without cutoffs (Figure 3.4). Despite 
only comprising about one-fourth of the gravel bed meandering dataset, British rivers comprise 
over half of the meanders without cutoffs. Agricultural fields surrounded nearly every British 
meander without cutoffs with a narrow band of large trees between the river and the farmland 
(Figure 3.3b for example). Four Pennsylvania rivers labeled as meanders without cutoffs are, in 
fact, actively migrating [Hession et al., 2003; Allmendinger et al., 2005]. These migrating rivers 
were recently deforested [Pizzuto, personal communication], and there has perhaps not been 
sufficient time for these channels to migrate to cutoff. There was no evidence of migration in the 
other meanders without cutoffs. 

3.4.2 Slope,+discharge,+and+sinuosity+of+gravel+meanders+
The channel slope and bankfull discharge of gravel bed meanders both span over 3 orders 

of magnitude (0.0001–0.014 and 1.8–5700 m3/s, respectively)  (Figure 3.6). Channel slope 
generally decreases with increasing bankfull discharge, with approximately an order of 
magnitude of scatter in channel slope for a given discharge (Figure 3.6). For a given discharge, 
most gravel bed meanders have intermediate channel slopes between the steeper braided 
channels and lower slope sand meanders (Figure 3.6, Table 3.1). One-third of the sand meanders 
have bankfull discharge and channel slope that fall within the range of gravel meanders (Figure 
3.6). The upper panel of Figure 3.6 also shows the braided-meandering threshold relationship 
described by Leopold and Wolman [1957] (equation 3.1) with braided channels expected to 
occur at slopes greater than the threshold line and meandering channels at slopes less than the 
threshold. Similar to previous studies [Carson, 1984; Ferguson, 1987; Church, 2002] we found 
that this threshold does not accurately predict the morphology of gravel meanders. The Leopold 
and Wolman [1957] threshold was exceeded for 48% of the gravel bed meanders. This threshold 
correctly separates the gravel braided channels from the sand meanders.  

The median channel slope is similar for meanders with islands and meanders with cutoffs 
(0.0017 and 0.0015, respectively), but meanders with islands have much higher median bankfull 
discharge than meanders with cutoffs (155 m3/s versus 46.5 m3/s, respectively) (Table 3.2). 
Meanders without cutoffs are steeper with a median channel slope of 0.003 with an intermediate 
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median bankfull discharge (81 m3/s) between meanders with cutoffs and meanders with islands 
(Figure 3.6). Ten of the fifteen rivers with the highest bankfull discharges in the gravel meander 
dataset are island meanders, including the 7 of the 8 gravel meanders with bankfull discharge 
exceeding 1000 m3/s. The Leopold and Wolman [1957] threshold line correctly lies above 87% 
of the data points for meanders with cutoffs, considerably better than for the other gravel 
meander types. Approximately 53% of island meanders and 36% of meanders without cutoffs 
had channel slopes exceeding the threshold defined by Leopold and Wolman given their bankfull 
discharge (Figure 3.6).  

The trends for valley slope relative to bankfull discharge are similar to channel slope, 
with increased overlap between gravel meanders and gravel braided datasets, and slightly more 
overlap with the different meander types. Valley slopes range from 0.0003 to 0.022 for gravel 
meanders. The median valley slope for meanders without cutoffs is 0.003, which is steeper than 
meanders with islands and meanders with cutoffs, which both have median slopes of 0.0022 
(Table 2, Figure 3.6).  

Sand meanders have a higher proportion of their sinuosities ≥ 2 than gravel meanders 
(Figure 3.7). Nearly 30% of sand meanders in the database have sinuosity ≥2, while only about 
14% of the gravel bed meanders are that sinuous (ranging between 9 and 16% of each gravel 
meander type). Although meanders with cutoffs have a higher median sinuosity than meanders 
with islands and meanders without cutoffs, meanders with cutoffs have fewer rivers with 
sinuosity>2. Differences among channel types for sinuosities between 1.25 and 1.5 could reflect 
thresholds of sinuosity used by different datasets in our compilation. Approximately 25% of 
meanders with cutoffs have sinuosities between 1.25 and 1.5, while just over 40% of meanders 
with islands and half of meanders without cutoffs had sinuosities ≤1.5.  

3.4.3 Bank+vegetation+and+channel+widthTdepth+ratio+
Because quantifying bank strength in the field is challenging, and there are little bank 

strength data in the gravel bed meander dataset, inferences regarding bank strength rely on a 
combination of vegetation category and width-depth ratio. Aerial photographic analysis is not a 
robust way to examine the bank strength of streams, but given the paucity of bank strength data 
in the dataset, it still allows us to make first-order estimates of bank strength controls. Of the 166 
gravel meanders, 29 had grass/shrub vegetation on the banks (Vegetation Class 1), 53 had banks 
that were predominantly grass/shrub with some trees (Vegetation Class 2), 38 were 
predominantly trees with some grass/shrubs (Vegetation Class 3), and 46 were forested 
(Vegetation Class 4) (Figure 3.8). There is little difference in the vegetation class among the 
gravel meander planform types. The mean vegetation class is 2.5 for meanders without cutoffs, 
2.6 for meanders with cutoffs, and 2.8 for meanders with island (Figure 3.8). On average, large 
rivers are more likely to have trees rather than grasses/shrubs dominate their banks. The median 
bankfull discharge is highest for Vegetation Class 3 (302 m3/s) and lowest for Vegetation Class 1 
(15 m3/s)  (Figure 3.9, Table 3). Gravel meandering rivers with bankfull discharge greater than 
the median (93 m3/s) have a mean vegetation class of 3.0 while gravel meanders with bankfull 
discharge less than 93 m3/s have a mean vegetation class of 2.3. Riparian land use is 
predominantly agricultural for gravel meanders without cutoffs, gravel meanders with cutoffs, 
and sand meanders, while the floodplains of gravel meanders with islands and gravel braided 
channels have fewer farms and more rangelands adjacent to the channel (Figure 3.8). It is unclear 
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whether land use differences among the channel types represent alter the channel morphology 
(via artificial changes in bank strength along farmlands) or if land use reflects the channel pattern 
(i.e., farms are more likely to be located along laterally stable rivers).  

The width-depth ratio (B/H) of the gravel meander dataset as a whole ranges from 7 to 
150, with a median of 21.8 for the entire dataset (Table 1, Figure 3.10). Sand meanders have a 
median B/H of 16, while gravel braided rivers have a median B/H of 270 (Table 1). Over 80% 
the gravel meander dataset and 29 of the 33 sand meanders have B/H ≤ 40, whereas 26 of 27 
gravel braided channels have B/H>40. Gravel meanders with B/H>40 typically have islands. The 
median B/H is 18.6 for meanders with cutoffs, 19.5 for meanders without cutoffs, and 29.2 for 
meanders with islands (Figure 3.10, Table 3.2). Only four of the meanders without cutoffs have 
B/H < 10, and bars were observed in many meanders without cutoffs. This suggests that although 
they are not migrating, theory [e.g., Parker, 1976] and observations suggest that they contained 
point bars. The median B/H ranged from 17.4-29.2 for Vegetation Class 2 and Vegetation Class 
4, respectfully (Table 3.3). 

3.4.4 Sediment+supply+
For a given bed material size (sand or gravel), the higher the bankfull τ* the greater the 

bedload flux. This flux rises non-linearly above critical values [e.g., Meyer-Peter and Muller, 
1948; Parker, 1979; and many others]. As others have done [e.g., Metivier and Barrier, 2012], we 
hypothesize, then, that for a given bed size, the higher the bankfull τ*, the greater the coarse 
sediment load to which the channel is adjusted. Figure 3.11 shows the particle Reynolds number 
(Equation 3.4) relative to τ* (Equation 3.1). Because all of the parameters in the particle 
Reynolds number are held constant other than grain size, changes in the particle Reynolds 
number are solely a function of median grain size, which is shown on the upper axis. The plot 
has three solid lines, the lower line represents the critical Shields stress (τ*crit) calculated 
following Parker et al. [2003]. Parker et al. [2003] fit a curve to the original Shields data by 
Brownlie [1981] and corrected it to match field data by dividing by that relationship by 2 so that 
τ*crit for gravel is equal to 0.03. Uncertainty in measurement and specifics of local conditions 
(e.g. particle shape, packing, abundance of finer sediment, etc.) have led to large variations in 
reported values of τ*crit for individual cases which range from 0.03 to 0.086 [e.g., Buffington and 
and Montgomery, 1997]. The Parker et al., [2003] τ*crit for gravel is therefore a lower bound. 
This curve can be defined by the equation: 

!∗!"#$ = !
! 0.22!"!!!.! + 0.06 ∙ 10!!.!!"!

!!.!
    (3.7) 

The upper curve shows the suspension threshold for the median surface grain using 
equation 3.5 as the suspension criteria. The straight line on the plot represents τ* corresponding 
to the critical settling velocity for 2 mm sand. Rivers that plot above the suspension line transport 
2 mm sand in suspension at bankfull flow.  

The range of surface grain sizes for the different gravel meander morphologies is similar, 
with D50 between 10 and 100 mm for most rivers in the dataset (Figure 3.11, Appendix B–Table 
B1). Thirty five of the 133 rivers have D50 ≤ 20 mm while only one of the gravel braided 
channels had D50 ≤ 20 mm. On average, the median surface grain size was finer for gravel 
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meanders with cutoffs (median D50=23 mm) than meanders with islands (median D50=36 mm) 
and meanders without cutoffs (median D50=41 mm). 

There are sufficient data to calculate τ* at bankfull conditions for 115 of the gravel 
meandering rivers (27 meanders with cutoffs, 45 meanders with islands, and 44 meanders 
without cutoffs). Just over half of the gravel meanders had bankfull τ* less than 0.045 (Figure 
3.11). The median τ* was over twice as high for the gravel braided dataset (0.096, n=23) than for 
the gravel meanders dataset (0.044, n=115) and bankfull τ* for sand meanders were typically an 
order of magnitude greater than the critical threshold at bankfull flow (Figure 3.11, Table 3.1). In 
general, meanders without cutoffs and meanders with islands have similar τ*, which are 
generally greater than meanders with cutoffs (Figure 3.11, Table 3.2). The proportion of rivers 
with τ* less than the critical threshold is slightly higher for meanders with cutoffs (6 of 26 rivers) 
than meanders with islands (8 of 45 rivers) and meanders without cutoffs (6 of 44 rivers).  

Gravel meanders with fine median grain sizes have transitional τ* between the relatively 
low τ* coarser gravel meanders and the high τ∗ sand bedded meanders (Figure 3.11). The 
threshold of this transition is uncertain, but occurs somewhere between 14 and 6 mm. Gravel 
meanders with cutoffs with D50≤8 mm had τ* that were at least double the τ* of coarser rivers of 
the same channel type (Figure 3.11). If we analyze coarse (D50> 8 mm) rivers independently, 
gravel meanders with cutoffs with D50> 8 mm plot in a narrow range of τ* with a median value 
of 0.037 (Table 3.4), and ¼ of the data had τ* < 0.03. All but two (90%) of the gravel meanders 
with cutoffs and D50>8 mm had τ*< 0.047. In contrast, 45% of island meanders and 50% of 
meanders without cutoffs with D50 > 8 mm had τ*> 0.047. For rivers with D50 > 8 mm, island 
meanders and meanders without cutoffs had a median bankfull τ* of 0.044 and 0.045, 
respectively, but meanders without cutoffs were more likely to have τ* exceeding 0.05. Nearly 
all gravel meanders (D50>8 mm) have τ*< 0.063 (2.1 times the critical stress), suggesting that 
they undergo size-selective transport [e.g., Wilcock and McArdell, 1997].  

Calculations suggest that bedload transport of 2 mm sand occurs during bankfull flow in 
nearly 3/4 of gravel meanders and only 1/4 of gravel braided streams (Figure 3.11). Sand 
meanders typically exceeded the suspension threshold for their median bed particle size at 
bankfull flow, but the form drag on bedforms will greatly reduce the shear stress available for 
transport. Nearly all (92%) of the gravel meanders with cutoffs and 73% of meanders with 
islands and 66% of meanders without cutoffs transport 2 mm sand as bedload rather than 
suspended load (Figure 3.11).  

Figure 3.12 shows the geographic distribution of τ* for channels with surface D50>8 mm 
in North America, Britain, and New Zealand. These three panels show the entire distribution of 
D50>8mm that have sufficient data to calculate τ*. 13 rivers had D50≤8mm and are not shown in 
Figure 3.12 for clarity. Rivers without grain size data are indicated by gray symbols, with red 
and yellow symbols indicating τ*<0.05, and green and blue symbols indicating τ*>0.05. Low τ* 
rivers are primarily located along the Rocky Mountains, with only 1 river having a τ* greater 
than 0.05 (The Sheep River at Okotos a gravel meander with islands with a τ* of 0.076). All 
seven Alaskan rivers from the Emmett [1972] dataset have τ* above 0.055, 4 of the 7 had 
τ*above 0.1. Two of the rivers had median diameters between 8 and 9 mm. These rivers are all 
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north of 61degrees latitude, and although the presence of permafrost at the study sites was not 
noted by Emmett, several of the rivers have permafrost banks [Viereck et al., 1970; Kreig, 1977]. 
Rivers of similar latitude from the Yukon Territory, which presumably also have permafrost 
banks have τ*≤0.037, suggesting that permafrost alone does not explain the high τ* of the 
Emmett [1972] dataset. τ* is only available for 1 of the 10 rivers in Puget Sound, and this one 
channel (the Green River) has a relatively high τ∗. Gravel meanders in New Zealand have a wide 
range of τ* from 0.027 to 0.1, but τ* exceed 0.05 for 4 of the 7 New Zealand Rivers. The Selwyn 
River in New Zealand [Carson, 1984] has a τ* exceeding 0.1 despite a relatively coarse bed. The 
Selwyn River, however, transforms to a braided morphology following floods [Carson, 1984], 
and braided channel scars are visible on the floodplain. Rivers with cutoffs in Britain have 
intermediate stresses with only two of the meanders with islands exceeding a bankfull τ* of 0.05, 
and meanders with cutoffs have τ*<0.05. From our Google Earth analysis and review of the site 
descriptions in the literature, this difference is not due to increased roughness from large wood in 
the channel or on the banks. 

The regional bias is particularly evident in the τ* data, because not only are data on 
gravel bed meanders absent from much of the globe (Figure 3.4), of the locations where we have 
data, grain size is measured in some regions (e.g., Rocky Mountains, Britain) and not measured 
in others (e.g., Puget Sound and British Columbia). Coarse gravel meanders with islands 
generally have τ*< 0.05, but stresses are higher in New Zealand and Alaska, two locations with 
relatively high gravel supply.  

Our analysis of τ* does not take into account stress extracted by bedforms such as 
channel bars and dunes [see Nelson and Smith, 1989; Garcia, 2008] and large wood [e.g., Manga 
and Kirchner, 2000], and the boundary stress available for sediment transport at bankfull flow is 
likely lower than our calculation. Examination of Google Earth did not reveal a correlation 
between high τ* sites and abundant large wood in the channel. Additionally, τ* was not 
systematically higher for forested channels than grassy channels (Figure 3.13). This suggests that 
resistance imposed by exposed roots on the banks is not responsible for gravel bedded meanders 
with high τ*, provided that roots exposure is solely a function of vegetation class. Field studies 
show that for gravel meandering rivers, the stress does not increase appreciably during overbank 
flows where the valley width is large relative to the channel width [e.g., Clayton and Pitlick, 
2007; McKean and Tonina, 2013]. In these channels the large floodplain width limits stage 
increases above bankfull and may alter the water surface slope [McKean and Tonina, 2013].  

Differences in bankfull τ* could reflect differences in τ*crit rather than differences in 
sediment supply. τ*crit varies due to particle shape, particle packing, the grain size distribution of 
the supply [Buffington and Montgomery, 1997; Mueller et al., 2005], channel slope [Mueller et 
al., 2005; Parker et al., 2007; Lamb et al., 2008;], and the presence of sand on gravel beds [Ikeda 
and Iseya, 1988; Wilcock, 1998]. Assuming a single τ*crit for gravel bed meanders across the 
globe is likely an oversimplification. Because most meanders with cutoffs are in the Rocky 
Mountain Region and most meanders without cutoffs are located in Britain, there could be 
regional effects that influence the grain size distribution, particle shapes, or particle packing.  
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3.5 Discussion+

3.5.1 Spatial+bias+in+river+databases+
The gravel meander dataset is strongly biased toward North America and Britain, and 

only includes one river from South America (the Sinu River, Columbia), one from Asia (the 
Nuporomaporo River, Hokkaido, Japan), and one from Papua New Guinea (the Strickland 
River). This is at least partially due to the English language focus of the literature reviewed and 
likely also reflects a bias in the location of geomorphic studies. The North American bias is 
much stronger for gravel meanders than for the smaller sand meander database. The sand 
meander database was assembled from the same literature and includes rivers from South 
America, Australia, Africa, and India, with 22 of the 72 sand bed rivers from outside of North 
America, Britain, and New Zealand. Both the sand meander database and the gravel meander 
database lack data in China, and much of India. Perusal of Google Earth shows that meandering 
rivers occur in these regions, but hydraulic and grain size data have not been published in the 
literature. Xu [2004] used 61 sand bedded meandering and braided rivers from China, but the 
data were not included in the publication. Expansion of field observations to rivers systems 
where meanders are observed near active mountain ranges, such as the Andes, will help to 
determine whether the correlation between low sediment supply and meandering in gravel bed 
rivers is a function of supply or the geographic distribution of the existing dataset.  

The geographical extent of data compilations may limit their implications. Using similar 
datasets both Parker et al. [2007] and Zolezzi et al. [2009] showed that British rivers (primarily 
from Hey and Thorne, [1986]) differed from other rivers in their database. Our analysis shows 
that much of this difference may be due to the large number of rivers without cutoffs in their 
data. Only two of the rivers in Hey and Thorne [1986] are actively migrating. For UK rivers with 
D50>8 mm, just 8 of 29 are actively migrating.  

3.5.2 Sediment+supply+and+channel+migration+
Several studies have suggested that for gravel bedded meanders with low sediment 

supply, sediment derived from bank erosion may dominate the bedload flux [e.g., Blacknell, 
1982; Hickin and Nanson, 1984; Neill, 1984; Hooke, 2003; McKean and Tonina, 2013], 
although this is generally inferred rather than measured or calculated. These observations are 
supported by flume experiments which show that for low transport rates bedload is laterally 
exchanged between bars in actively migrating meandering rivers [Braudrick et al., 2009]. We can 
use this dataset to assess the importance of bank erosion to the bedload conveyed by a gravel 
bedded meander. Because there are only four rivers in the gravel meander dataset with bankfull 
bedload transport measurements, we instead need to calculate the sediment transport rate. Here 
we use Parker [1979], because it was developed for use in gravel bedded rivers, and the critical 
τ*crit of 0.03 is typical for gravel bedded rivers in the field [Buffington and Montgomery, 1997; 
Parker et al., 2003]. The dimensionless transport capacity (q*) from Parker [1979] is: 

!∗ = !!"
!!!!
! !!!"!

= 11.2 !∗!!.!" !.!

!∗!        (3.8)  

where qgc is the gravel transport capacity in m2/s. Equation 3.8 may underestimate sediment 
transport rates if sand is also located on the bed [e.g., Wilcock, 1998; Wilcock and Kenworthy, 
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2002], but incorporating the effects of sand requires knowing the portion of the bed covered with 
sand at bankfull discharge, which depends both on the Rouse Number (equation 3.5) and on the 
local supply of sand. The local supply of sand is unknown for nearly all of our dataset and varies 
significantly based on local conditions of the banks, bed, and tributaries [e.g., Knighton, 1998].  

Equation 3.8 only applies to rivers with τ*>0.03, for rivers with τ*≤0.03, we set the 
transport rate equal to the reference transport rate defined by Parker and Klingeman [1982] as: 

!!"#
∗ = 0.002 =

!!" !!!!
! !

!∗!        (3.9)  

where W*ref is the dimensionless reference transport rate equal to 0.002. For low τ*, this 
provides non-zero values for qgc, and recognizes that below the threshold of motion, a very small 
amount of particle movement occurs. 

The volumetric gravel transport capacity is:  

!!" = !!"!! ! ! ! ! ! ! ! ! (3.10)' !

The coarse sediment supply due to bank erosion for an individual bend (Qgbank) is:  

!!"#$% = !!"#$!!"#$!!"#$%!!"#$(1− !!"#$)     (3.11) 

where Ėbank is the bank erosion rate in m/yr, Hbank is the average bank height, Fgbank is the fraction 
of gravel in the bank, Lbank is the length of the eroding bank, and φbank is the bank porosity, 
assumed to be 0.4 (Figure 3.14). Site-specific sediment fluxes through time would be more 
accurately calculated using Lauer and Parker [2008], who include the effect of curvature on the 
length of the eroding bank rather than the centerline, and include the effect of unequal bank 
heights, but this analysis requires more data than are available for our dataset. There are few data 
on Fgbank for gravel bed meanders. Stratigraphic studies of point bars and eroding banks in gravel 
bed meanders range varies based on bar position [e.g., Bluck 1971; Jackson, 1976]. Gravel can 
be nearly absent from the channel banks [Leopold and Wolman, 1960; Nanson 1980] to nearly 
80% of the channel bank as shown in for Bear Valley Creek in Figure 3.15. For channels that 
maintain a constant channel width during migration, the bank erosion rate is equal to the channel 
migration rate. We assume that the average Lbank is: 

!!"#$ = !
! !"          (3.12) 

where λ is the bend wavelength and P is the sinuosity. Bend wavelength was measured 
from Google Earth for the rivers with migration data and is given in Appendix B–Table B1 and 
shown in Figure 3.16. The best-fit line to the data was B=11.1λ (Figure 3.16), very close to the 
relationship found by Leopold and Wolman [1960] for wavelength–B=10.9λ1.01. There is 
considerable variability in the data set, with B/λ ranging from 6.8 to 26. To compare the 
calculated gravel transport capacity with the supply from bank erosion, we converted the 
transport capacity from m3/s to m3/yr. To do this, we assumed that bankfull flow occurs 8 days 
per year, on average, following Braudrick et al. [2009] based on field measurements from Dunne 
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and Leopold [1979] and Andrews and Nankervis [1995]. This is an upper bound for other 
estimates of bankfull frequency in the Rocky Mountains [Torizzo and Pitlick, 2004; Mueller and 
Pitlick, 2013]. This estimate is likely inaccurate over short time scales, but might be reasonable 
given the long time scales of measurements of bank migration (often several decades). Migration 
rates were available for only 19 of the 155 gravel bed meanders in the dataset, and only 17 of the 
rivers had sufficient data to calculate the sediment flux (Figure 3.17, Appendix B–Table B1). 
The migration rates of the 4 gravel meanders were from short reaches ranging from 1-2 bends in 
length. Their migration rates were calculated by dating the age of floodplain (1-2 decades) since 
migration began [Allmendinger et al., 2005]. Migration rates ranged from 0.0075 to 0.098 
channel widths/yr with a median migration rate of 0.022 channel widths/yr (Figure 3.17).  

Figure 3.18 shows how the ratio of the gravel transport capacity (equation 3.10) to the 
calculated gravel input from bank erosion (equation 3.11) varies with τ* for the 17 rivers where 
we have both channel migration rates and sufficient data to calculate the transport capacity. Fgbank 
was set equal to 0.5, with the upper and lower error bars calculated using Fgbank=0.8 and 0.1, 
respectively. The horizontal line at Qgc/Qgbank=1 defines when the flux from bank erosion is 
equal to the transport capacity. The supply of sediment from the banks exceeded the transport 
capacity in 15 of the 17 reaches, regardless of the value of Fgbank. All 13 of the rivers with 
τ*<0.47 and 2 of the 4 rivers with τ*>0.05 had Qgc/Qgbank<1. The transport capacity exceeded the 
bank erosion rate in two reaches: Towamencin Creek, Pennsylvania [Hession et al., 2003; 
Allmendinger et al., 2005] and The Kern River [Micheli and Kirchner, 2002] with τ* =0.055 and 
0.14, respectively. Similar to the other rivers in Hession et al., [2003] and Allmendinger et al., 
[2005] Towamencin Creek is actively migrating, but has not cutoff. The Kern River had a fine 
bed (D50=4 mm) and had a correspondingly high τ∗ (0.14), and the portion of the basal stress 
accommodated by bedforms in the Kern River is unknown. The Kern River is also incising in 
some reaches [Micheli and Kirchner, 2002].  

This analysis in based on only 17 data points and the single-grain size transport capacity 
measurement using equation 3.8 is likely an underestimate of the transport rate particularly for 
rivers close to the critical movement threshold. Bedload transport measurements for rivers with 
reach average τ* <0.03 show that bankfull transport rates can be near zero [McKean and Tonina, 
2013] or much higher than predicted by equation 3.8, particularly if the river is transporting 
mostly sand as bedload [Clayton and Pitlick, 2007].  

Although based on limited data, the implication of Figure 3.18 is that in gravel bedded 
meanders much of the bedload transport simply results in the transfer of sediment eroded from 
the bank to the next downstream bar where it is eventually incorporated into the floodplain as the 
channel laterally shifts, with very little net flux of sediment downstream. This places such rivers 
in environments where upstream coarse sediment supply is low, and implies that if the river is 
maintaining a quasi-steady width over time, that bank erosion of successive bends may be linked 
through deposition of sediment on the point bar. Lateral exchange of sediment may therefore act 
as a buffer, accommodating spatial and temporal variations in sediment supply.  

3.5.3 Channel+planform,+width+to+depth+ratio,+and+bankfull+τ*+
Our analysis, which combines various datasets and adds new observations, shows that 

braided gravel bedded channels, meandering gravel bedded channels, and sand bedded channels 



 
37 

differ markedly in their: 1) slopes for a given bankfull discharge (e.g., Figure 3.6), 2) in their 
bankfull τ* for a given median grain size (e.g. Figure 3.11), and 3) in their width to depth ratio 
for a given bankfull discharge (e.g. Figure 3.9). These findings match and expand upon previous 
analyses [e.g., Kleinhans and van den Berg, 2010; Metivier and Barrier, 2012]. But our analysis 
also suggests that it is useful to distinguish three gravel bedded meanders types: meanders with 
cutoffs (but no islands), meanders with islands (and cutoffs), and meanders without cutoffs. This 
classification requires us to consider only truly alluvial meanders, primarily cutting against their 
own earlier floodplain deposits, and lying in a sufficiently wide floodplain that cutoffs can occur 
unimpeded by resistant bounding hillslopes. Furthermore, we noticed for bed sizes 
approximately smaller than 8 mm, much of the bed is sand, which leads to different morphology 
and hydraulic relationships. 

The data on these three types of gravel bedded meanders straddle the Leopold and 
Wolman planform threshold line (Figure 3.6), with the meanders with cutoffs lying below the 
line (i.e. have lower slopes) and the other two lying on either side of the hypothetical threshold. 
Consistent with this observation, the meanders with cutoffs tends to have a lower bankfull τ*, 
except where the D50 fines significantly. The meanders with cutoffs also tend to have a lower 
upper range of width to depth ratios for a given discharge.  

Little distinguishes meanders with island bars (and cutoffs) from the gravel bedded 
meanders without cutoffs, despite there striking difference morphologically. Most of the island 
bar meanders have higher width to depth ratios than for meanders without cutoffs, but otherwise 
there is considerable overlap in τ* and channel slope. Despite these similarities, the two channel 
types express very different behaviors: island bar formation, active channel migration and cutoff 
versus no island bars and essentially no lateral migration. We hypothesize these differences may 
be linked to bank strength and sediment supply characteristics. Both channel types tend to 
support higher τ* than the gravel bedded meanders with cutoffs. For the same τ*, island bar 
formation may arise where lower bank strength leads to relatively channel widening (B/H) or 
where fine sediment load is low, such that back channel areas are not infilled with suspended 
sediment [e.g. Braudrick et al., 2009].  

The meandering channels without cutoffs (and lacking scroll bar complexes) are most 
puzzling. They may be sinuous channels that never progressively migrated, or, more unexpected, 
meandering channels in which at some degree of sinuosity cease migration. These channels have 
comparable τ* to the island meanders and higher values than meanders with cutoffs. These could 
be channels with exceptionally high bank strength (effective slowing migration rates), or high 
τ*crit such that little transport occurs at bankfull stage. Migration has been observed to cease on  
formerly actively migrating channels [e.g., Dietrich et al., 1999] but such channels retain scroll 
bars and cutoffs from prior migration activity. Field investigations are now required to 
understand how these meanders developed.  

3.6 Conclusions+

Previous studies have suggested that meandering in gravel bedded rivers requires 
additional bank strength from either vegetation or cohesive sediment, and low sediment supply. 
Previously published predictions of channel patterns did a reasonable job of identifying sand 
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bedded meanders and gravel braided channels, but struggled to identify gravel bedded meanders. 
Comparison of our compilation of 166 gravel bedded meanders from the literature with 
previously published compilations of 74 sand bedded meanders and 36 gravel braided channels 
shows that for a given discharge, gravel meanders occur at intermediate channel slopes relative 
to gravel braided rivers and sand bedded meanders. Similar to previous studies, we found that 
gravel bedded meanders have relatively low bankfull Shields stress suggesting a low sediment 
supply. 

Gravel meanders were primarily located in either formerly glaciated landscapes (Britain) 
or along mountain ranges, particularly the Rocky Mountains in the US and Canada. Gravel 
meanders in unglaciated landscapes far from mountain ranges mostly derived their sediment 
from Pleistocene gravel deposits. Inspection of the sites in Google Earth revealed that gravel 
bedded meanders occurred in three morphologies: gravel meanders with cutoffs and without 
islands, gravel meanders without cutoffs, gravel meanders with islands and cutoffs. Four of the 
gravel meanders without cutoffs located in the Piedmont of the eastern US were actively 
migrating, but the remainder showed no evidence of migration. The four actively migrating 
channels had recently been deforested and they had perhaps not had time to migrate to cutoff. 
There is considerable overlap in the either the channel and valley slopes for a given discharge 
between the gravel meander types, but the range meanders without cutoffs and with islands 
extend to higher slopes than meanders with cutoffs. More than half of the meanders without 
cutoffs in the database were located in Britain. 

We used width-depth ratios and vegetation type as proxies for bank strength. Gravel 
meanders with cutoffs and gravel meanders without cutoffs had similar width-depth ratios to 
sand bedded meanders. Gravel meanders with width-depth ratios > 40 typically had islands. 
There was little difference in vegetation class (grassy versus forested) between gravel bedded 
meanders, gravel braided channels, and sand bedded meanders.  

To explore the role of sediment supply on gravel bedded meanders we calculated the 
bankfull Shields stress of the rivers in our data compilation. Gravel bedded meanders with 
median surface grain sizes > 8 mm have lower Shields stresses than gravel braided rivers and 
sand bedded meanders, suggesting that they have lower bedload supply. The Shields stress 
increases for gravel bedded meanders finer with median surface grain sizes < 8 mm. Descriptions 
of the sedimentology of fine grained gravel bedded meanders shows that they have abundant 
sand on their surfaces, and their bedforms are extracting stress from the flow.  

For rivers with migration data, we calculated the gravel supply from bank erosion and 
compared this with the annual transport of gravel using a single-grain size approach. For 17 of 
the 19 rivers with bank erosion data, the gravel supplied from bank erosion exceeded the 
transport capacity, suggesting that gravel meanders are primarily exchanging sediment laterally 
between eroded banks and the next bar downstream, as observed in flume experiments.  

Future research is required to explore the conditions that create meandering rivers but 
cause migration to cease as observed in the meanders without cutoffs in the database. 
Additionally, coupled studies of gravel supply relative to the supply of gravel from bank erosion 
to better quantify the relative lateral and downstream flux of sediment.  
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3.8 Tables+

Table 3.1. Summary statistics for sand meanders, gravel braided, and gravel bed meanders. 

 Sand Meanders Gravel braided Gravel meanders 

Median 
(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 

Bankfull 
discharge (m3/s) 

566 
(133-3010) 43 385 

(233-1140) 31 101 
(22.7-340) 

138 

Channel slope 0.00025 
(0.0001-0.00053) 71 0.0062 

(0.0046-0.01) 28 0.0018 
(0.00095-0.0036) 

159 

Valley slope 0.00048 
(0.00019-0.00088) 67 0.0066 

(0.004-0.009) 34 0.0028 
(0.0015-0.0051) 

114 

Sinuosity 1.8 
(1.6-2) 67 1.07 

(1.04-1.1) 28 1.54 
(1.41-1.8) 

120 

Width depth ratio 16.1 
(9.85-20.4) 33 271 

(90.5-508) 27 21.8 
(16-32.6) 

126 

D50 (mm) 0.4 
(0.3-0.6) 68 37 

(30-67) 34 36 
(18-53) 

134 

Shields stress 1.1 
(0.74-2.1) 30 0.096 

(0.063-0.13) 23 0.044 
(0.033-0.062) 

115 

 

Table 3.2. Summary statistics for gravel bed meandering rivers for all grain sizes. 

 

Meanders with cutoffs Meanders with islands Meanders without cutoffs 

Median 
(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 

Bankfull 
discharge (m3/s) 

46.5 
(12.2-222) 30 155 

(27.4-502) 61 81 
(19.1-271) 

47 

Channel slope 0.0015 
(0.00063-0.002) 37 0.0017 

(0.00073-0.0035) 67 0.003 
(0.0014-0.0048) 

55 

Valley slope 0.0021 
(0.00066-0.0038) 29 0.0022 

(0.0014-0.005) 45 0.0033 
(0.0022-0.0075) 

40 

Sinuosity 1.7 
(1.5-1.79) 29 1.53 

(1.41-1.87) 48 1.5 
(1.33-1.67) 

43 

Width depth ratio 18.6 
(15.4-22.3) 30 29.2 

(20.1-45.2) 51 19.5 
(13.9-25.6) 

45 

D50 (mm) 23 
(12-45) 29 36 

(18-52) 54 41 
(23-58) 

51 

Shields stress 0.038 
(0.032-0.065) 26 0.047 

(0.033-0.06) 45 0.045 
(0.034-0.06) 

44 
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Table 3.3. Summary statistics of bankfull discharge width depth ratio for each vegetation type. 

Vegetation Class 
Bankfull Discharge (m3/s) Width Depth Ratio 

Median 
(25th-75th percentile) n Median 

(25th-75th percentile) 
n 

1 15 (9.3-65.8) 21 21.5 (16.8-29.1) 21 

2 40.7 (14.5-119) 47 17.4 (13.5-24.3) 45 

3 302 (121-457) 29 24.1 (17.1-35.2) 27 

4 222 (64-710) 41 29.2 (18.7-54) 33 

 

 

Table 3.4. Summary statistics for gravel bed meandering rivers coarser than 8 mm. 

 

Meanders with cutoffs Meanders with islands Meanders without cutoffs 

Median 
(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 
Median 

(25th-75th 
percentile) 

n 

Bankfull 
discharge (m3/s) 

30 
(12.1-76.1) 21 101 

(22.7-347) 45 66 
(19.4-253) 

41 

Channel slope 0.0019 
(0.0011-0.0022) 24 0.0023 

(0.001-0.0041) 47 0.0031 
(0.0015-0.0059) 

48 

Valley slope 0.0031 
(0.0015-0.0039) 18 0.0028 

(0.0015-0.0052) 36 0.0035 
(0.0022-0.0075) 

38 

Sinuosity 1.73 
(1.6-1.89) 21 1.5 

(1.4-1.8) 37 1.5 
(1.3-1.6) 

41 

Width depth 
ratio 

17.4 
(14.5-28.7) 21 31.2 

(20.4-52.5) 39 19.7 
(14.2-25.2) 

42 

D50 (mm) 28 
(16-46) 24 40 

(21-54) 49 42 
(23-0.059) 

48 

Shields stress 0.037 
(0.029-0.04) 21 0.044 

(0.032-0.05) 39 0.045 
(0.034-0.056) 

42 
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3.9 Figures+

 
 
  

Figure 3.1. Google Earth aerial photographs of meanders with cutoffs and without islands.
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Figure 3.2. Google Earth aerial photographs of meanders with cutoffs and islands.  
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Figure 3.3. Google Earth aerial photographs of meanders without cutoffs.  
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Figure 3.4. A. Location and morphology of rivers in the gravel meander database. Sand 
meanders and gravel braided channels are also shown for context. Panels B and C show the 
distribution of gravel meanders in North America and the United Kingdom.  
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Figure 3.5. Cumulative distribution function of elevation for each river morphology. Meanders 
with islands and meanders with cutoffs are more frequently in higher elevation valleys than the 
other channel types, reflecting the large number of sites in the Rocky Mountains region in North 
America.  
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Figure 3.6. Plot of bankfull discharge versus channel slope and valley slope for different channel 
morphologies. The braided meandering threshold from Leopold and Wolman [1957] is shown in 
the upper panel. 
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Figure 3.7. Cumulative density function of sinuosity for each channel morphology. 
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Figure 3.8. A. Distribution of vegetation classes by channel morphology. B. Distribution of land 
use classes by channel morphology.  
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Figure 3.9. Bankfull discharge and width-depth ratio of the river datasets.   
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Figure 3.10. Bankfull discharge and width depth ratio by vegetation class for gravel bed 
meanders of all morphologies. Red symbols are dominantly trees while black symbols are 
dominantly grasses/shrubs.  
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Figure 3.11. Particle Reynolds number and Shields stress for rivers in the dataset. The median 
grain size corresponding to the particle Reynolds number is shown on the upper axis. The three 
lines delineate the critical Shields stress, the suspension threshold for 2 mm sand, and the 
suspension threshold for the median bed material.  
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Figure 3.12. Map of Shields stress for rivers with D50>8mm in North America, Great Britain, 
and New Zealand.



 
54 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13. Particle Reynolds number versus Shields stress for gravel bedded meanders in the 
database grouped by vegetation class.   
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Figure 3.14. Schematic illustration of bank erosion parameters and areas of deposition and 
erosion during migration. The reach-average parameters are shown for a specific location for 
clarity.  
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Figure 3.15. Photograph of channel bank in Bear Valley Creek, ID where the bank grades from 
gravel to gravelly sand to a thin layer (< 10 cm) of fines at the top of the bank. The 
predominantly gravel facies makes up about 80% of the total bank height.  
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Figure 3.16. Bankfull width and bend wavelength for rivers with measured migration rates in the 
gravel meander database. The best-fit line assumes that the line passes through the origin.   
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Figure 3.17. Rates of channel migration in the gravel meandering database. The migrating 
channels without cutoffs are from recently deforested stream reaches in Pennsylvania.  
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Figure 3.18. Shields stress versus relative supply of sediment from bank erosion. The points 
assume that 50% of the eroding bank is gravel, while the upper and lower error bars assume the 
banks are 80% and 10% gravel, respectively. 
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4 The+response+of+fixedTwall+meandering+channel+to+increased+
sediment+supply+

4.1 Abstract+

Sediment supply to meandering rivers constantly varies as migrating channels shift and 
reduce their slope and cutoffs bring in large increases in supply. Larger scale and longer duration 
sediment supply dynamics arise from watershed scale changes in climate, landuse and tectonics. 
To examine how sinuous channels respond to increased sediment supply, we conducted a flume 
experiment in a 0.45 m wide and 22.5 m long sinuous channel with an average flow depth of 
approximately 2.8 cm. The channel had 9 bends of varying curvature that were fixed in place. 
We ran a constant feed rate of 6 kg/hr for approximately 60 hours. During this time, the water 
surface slope equilibrated at 0.0048, and the bed was strongly sorted with coarse patches in the 
pools and upstream end of bars tops and fine patches in the remainder of the flume. Flat-topped 
bars developed in 7 of the 9 bends. Pools ranged in depth from 5 to 10 cm, and bars occupied 
about 80% of the channel width. Doubling the sediment feed to 12 kg/hr caused the channel to 
steepen by nearly 33% to a slope of 0.0064, which coupled with a 14% decrease in mean depth 
increased the boundary shear stress by about 20%. These changes alone were not enough to 
accommodate the increased load, so it is likely a combination of changes in the surface grain size 
field and the corresponding boundary shear stress field led to the new equilibrium flux state. The 
morphology of two of the 5 bends remained constant, and a third bend had only minor 
adjustments. The pools in the two bends with larger topographic adjustments shoaled due to 
deposition of coarse sediment. Both responsive bends had intermediate curvature, backwater 
associated with the fixed wall, and long straight reaches upstream. This experiment suggests that 
where channel slope can be adjusted, slope adjustments likely dominate response to increased 
supply, with muted response in bars and pools. Subsequent removal of the fixed wall allows 
aggradation to cause overbank flooding which lead to channel cutoff and then avulsion. This 
suggests that there may be a fairly narrow range of long duration sediment load increase that will 
not lead to major morphodynamic change.  

4.2 Introduction+

As they migrate across their floodplains, meandering rivers are constantly adjusting to 
local bedload perturbations as they erode their banks, reduce their slopes, and temporarily store 
and release sediment during bend expansion and cut-off [e.g., Zinger et al., 2011]. Perturbations 
to supply can also arise naturally from landslides and tributary inputs. It is generally assumed 
that although supply is never constant in rivers, rivers tend to damp out small perturbations such 
that we can define some statistically average channel characteristics, which are a function of a 
statistically average supply leading to the concept of a graded river [e.g., Mackin 1948]. Longer 
timescale changes in sediment supply due to climate change [e.g., Schumm, 1968; Blum and 
Törnqvist, 2000], tectonism, and changes to upstream watershed area via stream capture [e.g., 
Fisk, 1944], will force the channel to adjust to its new supply regime.  

For a gravel bedded meandering channel at equilibrium with upstream sediment supply 
the channel can potentially adjust to the increases in supply in six ways, which may occur 
individually or in combination. (1) Either by increasing the extent of finer patches or by the 
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average bed surface becoming less coarse, leading to greater sediment transport for a given 
boundary shear stress [Dietrich et al., 1989; Pryor et al., 2011; Podolak and Wilcock, 2013]. (2) 
Pool depths may shallow [Lisle 1982; Lisle and Hilton, 1992; Major et al., 2012; Podolak and 
Wilcock, 2013] reducing the form drag. (3) Bars may grow into pools [Doyle et al., 2003; 
Constantine, 2006], perhaps increasing cross-stream relief [Miwa et al., 2005] and creating zones 
of heightened shear stress [Legleiter et al., 2011], and thus increasing the overall flux. (4) The 
channel differentially aggrades, steepening the water surface slope and increasing the boundary 
shear stress [Gilbert, 1917; Schumm, 1968; Madej, 1978; Madej and Ozaki, 1996; Wathen and 
Hoey, 1998; Hoffman and Gabet, 2007; Pryor et al., 2011; Major et al., 2012]. (5) The channel 
straightens through cutoff or avulsion, thus steepening the slope. (6) The active channel bed 
widens at a rate faster than the corresponding flow depths declines. One might expect pool depth 
and surface grain size adjustments to occur first, as they require the least amount of sediment 
deposition, but the response may also vary along a river depending on the shape of meander 
bends and the proximity of the bends to sediment sources.  

Channel steepening can occur in a fixed-wall flume or channel bounded by bedrock, 
because the walls can contain the aggraded bed. In natural channels, however, bed aggradation 
may lead to avulsion [e.g., Smith et al., 1989] or successive cutoff and braiding [Madej and 
Ozaki, 1996; Hoffman and Gabet, 2007]. Over the long term, persistent high sediment supply 
may cause the aggradation of the channel and floodplain allowing channel morphology to adjust 
fully to the higher load, while the response to short-term changes in supply may be only 
temporary [e.g., Wathen and Hoey, 1998].  

 Field studies also suggest that supply increases may increase the channel migration rate 
[Dunne et al., 1981; Dietrich et al., 1999; Constantine, 2006]. Increased migration has been 
observed in reaches of decreasing boundary shear stress and deposition [Dunne, et al., 1981], and 
where tributaries increase bedload supply [Dietrich et al., 1999; Constantine, 2006]. Dunne et al., 
[2010] proposed bar aggradation can increase the convective accelerations of flow around bars 
leading to higher bank shear stress and erosion. Using Fluvial-12 [Chang, 2006], Dunne et al. 
[2010] showed that increased sediment supply could increase the bank erosion rate, even though 
Fluvial-12 does not explicitly account for convective accelerations associated with flow around 
bars. Although observation suggest that supply increases increase channel migration, the 
mechanisms by which increased supply alters the migration rate remains uncertain. 

One-dimensional numerical models have been widely used to predict the effects of 
changes to sediment supply on the channel slope and surface grain size in field and laboratory 
channels [Cui and Parker, 2005; Dietrich et al., 2006; Cui and Wilcox, 2008; Pickup and Cui, 
2008], but these models do not include adjustments to bar-pool morphology. A crucial 
component in linking channel migration and sediment supply is to observe the mechanisms by 
which sediment supply alters bar morphology in sinuous streams [Harrison et al., 2011]. 
Meander river evolution has been explored using morphodynamic models predict eroding the 
outer banks and assume inner banks follow [e.g., Ikeda et al., 1981; Blondeaux and Seminara, 
1985; Johannesson and Parker, 1989; Howard, 1992; Sun et al., 1996]. In some of these models 
the point bar deposit along the inner bank may alter flow field and the resulting stress on the 
outer bank-- which changes with curvature and excess Shields stress [Seminara, 2005]. Recently 
proposed models can assess changes to outer banks and point bars independently [Parker et al., 
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2011; Asahi et al., 2013], but these models are in their developmental stages and have yet to 
explore the role of sediment supply on meandering channel morphodynamics. 

Existing theory and experimental data suggest that in straight channels, bar amplitude is a 
function of the width-depth ratio, the particle size relative to the flow depth, and the excess 
Shields stress [Colombini et al., 1987; Garcia and Nino, 1993], with bar height increasing with 
increasing width-depth ratio [Colombini et al., 1987]. In sinuous channels, bar morphology is 
also a function of the local channel curvature [Johannesson and Parker, 1989; Garcia and Nino, 
1993] and the degree to which the upstream and downstream bends influence bar morphology 
depends on the resonance [e.g., Zolezzi and Seminara, 2001]. Gravel meanders tend to be super-
resonant, where both upstream and downstream bends influence channel morphology [Zolezzi et 
al., 2009]. Experiments show that in straight channels with alternate bars, graded sediments tend 
to suppress bar amplitude and wavelength relative to uniform sediment [Lanzoni, 2000a]. 
Numerical models of flow and sediment transport in straight channels with alternate bars suggest 
that due to the non-linearity in sediment transport sediment flux can increase relative to plane 
bed channels when the flow drops below bankfull [Francalanci et al., 2012], but to our 
knowledge the effects of supply on bar-pool morphology has not been explored using 
morphodynamic theory.  

The mechanisms by which sediment supply alters channel morphology has been 
investigated in straight laboratory flumes with plane beds [Dietrich et al., 1989; Cui et al., 2003; 
Venditti et al., 2010] and alternate bars [Lisle et al., 1993; Miwa et al., 2005; Madej et al., 2009; 
Pryor et al., 2011; Venditti et al., 2012; Podolak and Wilcock, 2013]. Reduced sediment supply 
in plane bed flumes causes the water surface slope to decrease, the bed to coarsen, and the width 
of active sediment transport to decrease [Dietrich et al., 1989; Venditti et al., 2010]. The 
decreased supply was also associated with a decreased wavelength of bedload sheets [Nelson et 
al., 2009]. In channels with alternate bars, decreasing supply caused the bars to wash out [Miwa 
et al., 2005; Venditti et al., 2012], translate down the flume and not reappear [Venditti et al., 
2012], or to be left behind as abandoned terraces as the channel incises into the pools [Lisle et 
al., 1993]. Presumably channel response of these kinds is symmetric, i.e. increasing sediment 
supply induces response an opposite response to that caused by reduction. Incision into pools 
may occur in channels with low excess stress, while washing out may occur in channels with 
higher stress [Venditti et al., 2012]. Experimental suggest that increasing supply in straight 
flumes with alternate bars may cause pools to shoal and decreasing cross stream relief [Podolak 
and Wilcock, 2013], or that cross stream relief increases particularly in reaches where 
aggradation is greatest [Miwa et al., 2005]. Increased supply causes the bed surface to fine 
during aggradation [Pryor et al., 2011; Podolak and Wilcock, 2013] and transient short-
wavelength bedforms can arise on the bed either replacing or superimposed on alternate bars 
[Podolak and Wilcock, 2013].  

To our knowledge, there have been only two expeirments that investigated the role of 
supply in sinuous non-migrating channels. Eaton and Church [2009] found that bar-pool 
morphology was similar for runs with equivalent discharge and sediment supply that varied by 
nearly a factor of two in a moderately sinuous channel (sinuosity = 1.2) with fixed walls. These 
experiments had identical initial plane-bed conditions, so the effects of supply changes on bar-
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pool morphology were not investigated directly, but their results suggest that in non-migrating 
gravel bed rivers, bar-pool morphology might be similar regardless of sediment supply.  

A second experiment was conducted at the Outdoor Stream Lab (OSL), a sinuous, nearly 
field-scale flume at the University of Minnesota [Erwin, 2012; Erwin et al., in preparation]. In 
the OSL experiments the sediment supply was increased by a factor of five and Erwin [2012] 
focused on the growth of a sand bar in response to the supply change. Erwin [2012] found that in 
response to the increased supply, the bar elongated, widened, and the pool shoaled by about 2/3 
of the mean channel depth (Figure 4.1). The OSL, however, has several characteristics that make 
it difficult to assess. In particular, cobble riffles at the upstream and downstream ends of the bend 
control water surface elevations and may alter the path of sand. The experiments by Erwin 
[2012] suggest that supply has a profound effect on bar morphology, while Eaton and Church 
[2009] found that steady state bar morphology is similar in non-migrating sinuous bends. Further 
experiments are needed to resolve this conflict, and also to explore the change in morphology 
during channel adjustment to the new supply regime. 

To address uncertainty in how meandering channels respond to changes in sediment 
supply, we conducted an experiment at the Richmond Field Station (RFS) using sand to model a 
scaled-down gravel meander in a 45 cm wide and 23 m long sinuous flume. The channel was 
fixed in place to maintain temporally constant curvature and limit the cross-stream topographic 
response to bar and pool topography. After running the flume at equilibrium conditions, we 
doubled the sediment supply while holding all other variables constant. We hypothesized that a 
doubling of supply would be large enough to observe morphologic changes without requiring a 
very long experiment to reach equilibrium. We measured the sediment flux at the flume outlet, 
the evolution of bed topography, the water surface slope, and surface grain size. We noted the 
mechanisms by which the channel adjusted to the supply increase. These results were used to 
infer how supply might alter morphology in freely migrating channels. 

4.3 Methods+

This experiment was conducted in the large basin at the Richmond Field Station (RFS), 
the same basin used by Braudrick et al., [2009]. Following a freely migrating experiment, we 
fixed the channel boundary in place using 30 cm wide strips of sheet metal (Figure 4.2). There 
are some differences between the freely migrating channel and the fixed channel where the 
channel boundary had been disturbed during repairs to the channel outlet and the movable cart, 
and also bends with two locations points of maximum curvature were adjusted to have only one 
curvature maximum. Because it takes some distance for water and sediment to move in phase in 
flume experiments, a bend was added to the upstream end of the flume to disconnect the 
downstream channel from the upstream boundary more readily. Sand with the same size 
distribution as the feed was attached to the sheet metal by mixing it with sheet metal paint. The 
deepest portion of the pools exposed the lower half of the sheet metal because the channel 
incised in the beginning of the experiment and the bends were deeper than in previous 
experiments. The channel had 9 bends with a total sinuosity of 1.5 (Figure 4.2). Similar to 
Braudrick et al., [2009], these experiments were designed as a 1/50 or 1/100 scaled-down gravel 
bed river.  
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Water and sediment were fed at the upstream end of the flume. The graded sediment feed 
was identical to the sediment in the channel with a median grain size of 0.75 mm (Figure 4.3). 
The discharge was set to 2.6 l/s and measured using a V-notch weir upstream of the flume inlet. 
Flows were subcritical and turbulent (Table 4.1). At the conclusion of each day's run, a water tap 
was turned on at the downstream end of the flume to create a backwater through the flume to 
reduced adjustments to bar topography that occurred if the water surface dropped quickly. It took 
approximately 20 minutes for the backwater to extend up to the top of the flume. The backwater 
was then slowly drained overnight with a siphon. In early runs prior to backfilling the flume with 
water, we observed that as the water surface dropped, flow acceleration over the bar tops caused 
the bars to erode and deposit their sediment in the pools thereby decreasing pool depth. Starting 
the flume with a backwater was not possible, but care was taken to reduce transport due to 
unsteady flows, but some minor adjustments undoubtedly occurred at the beginning of each day. 

Bed topography was measured using two oblique cameras and vertical laser sheet 
attached to a movable cart that spanned the basin. The images were processed in Matlab. Pixel 
size was approximately 1 mm in the x and y directions, with cross sections measured every 5 cm 
down the length of the flume. Water surface topography was measured using a point gauge 
attached to the movable cart. Typically, points were spaced 0.5-0.75 m apart and were centered 
with respect to the zone of active sediment transport normal to the flow. Because we were unable 
to measure sediment transport in the flume without disturbing the bed, the boundaries of the 
active transport zone were noted by eye, and measured using a ruler normal to flow. Channel 
topography and water surface elevation were used to calculate channel depth. The centerline was 
defined in ARC-GIS using the planform statistics toolbox using the x-y coordinates of the 
channel walls. The s-coordinates of the channel centerline are shown in Figure 4.2c. To calculate 
depth we converted the water surface elevations and depth measurements into streamwise-
normal-elevation (snz) coordinates following the methods described in Legleiter and Kyriakidis, 
[2006]. Water surface elevations were interpolated every 5 cm. We then subtracted the bed 
elevation from the centerline water surface elevation in 5 cm s-coordinate bins, assuming the 
centerline water surface elevation represented the water surface elevation across the entire cross 
section. The difference in cross-channel water surface elevation at bends was generally less than 
1-1.5 mm (up to 5% of the average depth). 

Detailed maps of water surface through the flume were measured between -9 and -3 
hours, and 73-80 hours. We measured the water surface elevation using a point gauge every 5-10 
cm across the flume and every 10-20 cm downstream, with the survey density adjusted 
depending on the orientation of the channel relative to the flume.  

The surface grain size distribution of the bed was mapped into 4 grain size classes: fine 
(less than 1 mm), mixed fine (greater than 50% fine sediment, with more than 20 percent coarse), 
mixed coarse (greater than 50% coarse sediment, with more than 20 percent fine), and coarse (>1 
mm). Emergent surfaces were also mapped onto facies maps. The facies mapping was verified 
using digital photography following the methods outlined in Barnard et al.,  [2007] and Rubin 
[2004]. A camera was mounted to the cart and placed 18 cm from the bed. Each photograph 
covered approximately 1.6 cm by 2.3 cm area of the bed and 5 photographs were taken at each 
facies patch. To maintain constant lighting and contrast in the photographs, the bed was sprayed 
with water to adjust for differences in bed moisture due to grain size and a light was mounted 
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near the camera. The grain size distribution of each photograph was calculated using Barnard et 
al., [2007]. The bed photographs worked well for delimiting facies, but underestimated the 
distribution of sediment between 0.5 and 1 mm. Although making up 30% of the feed, sediment 
with diameter from 0.5-1 mm sediment made up only a small fraction of the grain size 
distribution measured with digital photographs. This is likely due to the condition of the fine 
facies in the flume. The fine facies stayed wet for several days after each run and photographs 
therefore had to be taken when the fine facies was still wet, and densely packed. This reduced the 
contrast between finer grain sizes and the photographic analysis found very little sediment 
between 0.5-1 mm, which makes up 25% of the feed. Hence, although we can consistently 
delineate the four facies, we cannot calculate an average bed surface grain size accurately.  

At the downstream end of the channel water and sediment spilled into a small stilling 
basin where a free spill condition at the downstream end of the flume led to an eductor which 
transferred water and sediment to a stilling basket attached to a load cell. The load cell measured 
the mass of the submerged sediment basket every 0.2 seconds. These data were then smoothed 
twice using a 15-minute running-average filter. 

The experiment was conducted in two phases. The first phase had a sediment feed rate of 
6 kg/hr. The intitial feed rate was chosen to match the sediment flux at the bottom of the flume 
during preliminary experiments. After 60 hours, the sediment feed was doubled to 12 kg/hr with 
all other variables held constant. In this paper, we present the results from the final 27.5 hours of 
the 6 kg/hr feed rate when channel had equilibrated and the measurement techniques were 
constant. All times are reported with zero hours at the beginning of the increased feed, with 
negative time indicating the lower feed rate and positive time indicating time since the feed 
increase. Experimental conditions are summarized in Table 4.1. 

During the experiment we will document six responses: 1) the sediment flux at the 
downstream end of the flume, 2) the spatial patterns of sediment facies, 3) the width of active 
sediment transport, 4) the bed topography, 5) the water surface slope, and 6) the mean depth. 
Response variables 2-6 will assess changes for the flume as a whole and for individual bends. 
We will use all six response variables to assess the time it takes for the channel to reach a new 
equilibrium.  

4.4 Results+

4.4.1 Low+(6+kg/hr)+feed+rate+(T27.5+to+0+hrs)+
During the low feed rate the channel developed bar pool topography at 7 of the 9 bends in 

the channel (Figure 4.4a). The bends are labeled on Figure 4.4 for clarity. Bars did not develop in 
Bends 6 and 7, and the pool in Bend 7 was along the left (inner) bank (Figure 4.4a). Whiting and 
Dietrich [1993b] defined theoretically the conditions where the pool may not be on the outside of 
the bend where: 

!
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where M is the bend wavelength, B is the channel width, and ω is the angle of the bend with 
respect to the downstream flow direction. For Bends 6-7, the right hand side of Equation 4.1 was 
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12.6 and 54 while the left hand side is 4.42 and 4.13, thus the absence of point bars is consistent 
with the model. The Whiting and Dietrich [1993b] relationship would predict that bars would 
migrate through bends 6 and 7, but in our experiments the bars seemed fixed.  

The ratio of the minimum radius of curvature to channel width (Rc/B) for the bends with 
point bars ranged from 0.86-1.7 and the sinuosity ranged from 1.2-2.2 for the bends that 
developed bars (Table 4.2). On average, the slope break from bars to pool occurred at depth of 
1.5 cm. If bars are defined as areas shallower than 1.5 cm, the wide flat-topped bars generally 
covered about 80% of the channel width. Maximum pool depth relative to mean depth (H/Hmax) 
ranged from 2.8 to 3.8 prior to the feed increase (Figure 4.5). Maximum pool depth was greatest 
for Bends 4 and 8, which had an intermediate Rc/B of 1.1 between the higher curvature Bends 5 
and 9 and the lower curvature Bend 3. The maximum depth downstream of the apex of Bend 4 is 
underestimated because the pool at s=11 m was partially obscured by the walls in our survey. 

Prior to increasing the feed, both the water surface slope and the sediment flux at the 
flume outlet had equilibrated. The water surface slope was stable at 0.0046 with minor changes 
due to local topographic adjustment (Figure 4.6). The sediment flux at the downstream end of the 
flume was quasi-steady around the 6 kg/hr feed rate (Figure 4.7). The mean flow depth was 2.8 
cm and the mean active channel width was 28 cm (Table 4.1).  

During the low feed rate the area and distribution of sediment facies remained relatively 
constant, with minor variations at bar crossovers where the paths of coarse and fine sediment 
intersected. The bed had very strong sorting, with coarse sediment on the outside of bends and 
fine sediment making up most of the bed (Figure 4.4b). Dunes, 1.5 to 2 cm high, spaced about 10 
cm apart were present in the fine facies, particularly downstream of deep bends (Figure 4.4b). 
Prior to the feed increase, fine facies with dunes made up about 20% of the total bed area. Dunes 
were not present in Braudrick et al., [2009] or any experiments with migrating banks likely 
because the pools were shallower and sediment was supplied primarily through erosion of the 
poorly sorted bank sediment. Mixed sediment facies were limited to the upstream end of bars, 
where the paths of coarse and fine sediment crossed as described in Dietrich and Smith [1984]. 
Emergent areas were a remnant of the channel adjustment at the beginning of the experiment, 
when bars and pools developed while the slope adjusted from the initial bed.  

Detailed water surface profile measurements prior to the feed increase show that the 
water surface was elevated on the outside of bends, and that the water surface topography was 
steeper in the bends and gentler in crossovers, with still water on the inside of Bends 4 and 8 
downstream of the bend apex (Figure 4.8). There are strong gradients in cross-stream gradients 
in water surface topography in bends, reflecting zones of high cross-stream velocity. 

4.4.2 Increased+supply+
Sediment(flux(and(sediment(facies(

After the sediment supply was increased at the upstream end of the flume, the sediment 
transport rate at the flume outlet remained constant at about 6 kg/hr for approximately 20 hours 
(Figure 4.7). For the next 15 hours (20-35 hours), the sediment transport rate at the outlet 
increased to just below 8 kg/hr. The transport rate at the outlet then gradually increased to just 
under 12 kg/hr and varied around that value from 55-66 hours. From 66-75 hours, the flux 
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dropped ranging between 9-12 kg/hr with an average of about 11 kg/hr. For the last 25 hours of 
the experiment (75-100 hours) the flux varied around 12 kg/hr (Figure 4.7).  

Following the feed increase, the extent of coarse, fine, and emergent facies declined 
while the extent of mixed coarse and mixed fine facies increased (Figures 4.9 and 4.10), resulting 
in an overall fining of the flume surface. By 38 hours after the feed increase, coarse patches had 
begun to fine throughout the flume length as the mixed fine facies increased in area and the 
coarse facies in Bend 7 fined (Figures 4.9 and 4.10). Coarse patches expanded in pools as pools 
filled in Bend 4 at 11.8 hrs and also at Bend 8 at 80 hrs (Figures 4.9 and 4.11). As the pools filled 
in with coarse sediment, and the zone of active sediment transport moved toward the inner bank 
causing the fine facies over the bar to coarsen (Figure 4.9). Emergent areas on the inside of the 
point bar near the bend apex of each bend at 0 and -9 hours in Figure 4.9 became submerged as 
aggradation proceeded downstream starting at 11.8 hrs after the feed increase. The inundation of 
these submerged features occurred as the channel aggraded and first occurred in the upstream 
reaches (Figure 4.11). After 20 hours, the emergent patches were no longer present in the flume 
(Figures 4.9-4.11). The inundated emergent areas became patches of fine sediment, and were 
generally in areas of low velocity. A coherent patch of mixed fine sediment similar to a bedload 
sheet propagated downstream and is visible in Bends 6 and 7 at 38 and 55 hours and Bend 8 at 
80 and 100 hours (Figures 4.9 and 4.11). Bend 4 also fined at 55 hours, prior to the pool 
deepening. The areal extent of coarse sediment decreased in Bends 1-3 as zones of mixed coarse 
and mixed fine sediment expanded (Figures 4.9 and 4.11). There was little change to sediment 
facies in Bends 5 and 9 (Figure 4.11).  

Hydraulic(adjustments(to(the(supply(increase(
After the feed increase, the water surface elevation increased as sediment was 

differentially deposited at the upstream end of the flume (Figures 4.6 and 4.12). The water 
surface slope increased rapidly for the first 20 hours after the feed increase, then slowed down. 
At 55 hours when the sediment flux was just under 12 kg/hr, the mean water surface slope for the 
flume was 0.0062. The water surface slope stabilized at an average slope of 0.0064, 72.5 hours 
after the feed increase (Figure 4.12). This represents a 33% increase in water surface slope from 
the initial slope of 0.0048.  

After the feed increase, the water surface topography was steeper, but was otherwise 
similar to that before the feed increase (compare the upper and lower panels of Figure 4.8). The 
water surface topography adjusted in Bend 4 as the area of still water moved upstream. Steep 
sections of water surface topography were located in similar reaches (i.e., downstream of bars) 
before and after the feed increase (Figure 4.8).  

Total aggradation was about 4 cm at the upstream end of the flume and decreased 
downstream. Aggradation was about 2 cm in Bend 5 and less than 1 cm in Bends 8 and 9 (Figure 
4.13). Aggradation at Bends 1-5 was apparent after the first survey following the feed increase 
(11.8 hours). Downstream aggradation at Bends 6-9 was first visible about 20 hours after the 
feed increase. The average bed elevation stabilized at 80 hours, but aggradation was limited to a 
few mm after 55 hours (Figure 4.13).  
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During the experiment the average depth decreased from 2.8 cm at 0 hours to 2.6 cm at 
55 hours and finally to 2.4-2.5 cm from 80-100 hours when the water surface slope was stable 
(Figure 4.12). Conservation of mass dictates that the decrease in average water depth must 
accompany an increase in slope (and hence velocity) if the bed roughness and channel width are 
constant. The average active channel width was increased from 28-31 cm prior to the feed 
increase to 31-32 cm following the feed increase (Figure 4.12). 

Using the reach average water surface slope and average depth, we calculated the reach 
average boundary shear stress (τb) through time using: 

!! = !"#$         (4.2) 

where ρ is the water density (assumed to be 1000 kg/m3), g is gravitational acceleration (9.81 
m/s2), H is the average water depth, and S is the water surface slope. τb ranged 1.2-1.3 Pa prior to 
the feed increase (Figure 4.14). After the feed increase, τb increased to 1.64 Pa by 71 hours (an 
increase of 26%), before decreasing to 1.5 Pa at 80 hours as the mean flow depth decreased. τb 
remained between 1.5 and 1.6 Pa for the remainder of the experiment, an increase of 15-23% 
relative to 0 hours (Figure 4.14).  

Spatial(changes(in(channel(hydraulics(
The streamwise changes in average flow depth shown in Figure 4.15 (top panel) reflect 

differences in data density with more uncertainty where the fixed walls partially obscured the 
bed or where the fixed-wall channel was oblique to the survey cart, which was oriented 
perpendicular to the x coordinate shown in Figure 4.4. Temporal changes in mean flow depth in 
Figure 4.15 are not an artifact of surveys (which did not change location or methods), but 
represent real changes in depth. The mean flow depth decreased throughout the length of the 
flume between 0 and 100 hours. The decreases in depth were greatest in Bends 4 and 5 reflecting 
a decrease in backwater they induced upstream of their apex as the channel steepened. Otherwise 
the decrease in depth was relatively uniform.  

The local water surface slope varied from -0.007 to 0.016 prior to the feed increase 
(Figure 4.15, middle panel). The negative slope occurred in a backwater in Bend 4. At 100 hours, 
the local water surface slope had steepened relative to 0 hours in most reaches (Figure 4.15). 
Local water surface slopes fluctuated through time as the channel adjusted to the new supply 
(Figure 4.15). Short-term slope increases were highest at the upstream end of the flume and 
Bends 5 and 9. In Bend 5 the local slope doubled to 0.018 at 80 hours before decreasing to 0.013 
at 100 hours. The local slope increase in Bend 9 was associated with a decrease in slope just 
upstream. Otherwise, the water surface slope fluctuations were within the range of the water 
surface slopes measured at 0 and 100 hours (Figure 4.15). 

The active width varied spatially and temporally before and after the feed increase 
(Figure 4.15, lower panel). The active width temporarily increased by nearly 80% in the 
downstream portion of Bends 4 and Bend 5 (shown by the grey lines) as the morphology of Bend 
4 changed and the emergent areas of the flume were inundated (Figure 4.15). By 100 hours the 
active width in this reach was similar to the active width at 0 hours. For the entire 100 hours after 
the feed increase, the active width in the upper portion of Bend 4 decreased relative to 0 hours. 
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Between bends 8 and 9 the active width was volatile and ranged between 20 and 28 cm, although 
the width at 0 and 100 hours were similar. This volatility occurred prior to the feed increase (see 
the black line from -9 hours at s=18-20 m in Figure 4.15).  

Changes(in(bed(topography(
Figures 4.16 and 4.17 show the distribution of depth through time and the change in 

depth relative to 0 hrs, respectively. These figures show that cross-stream topographic change 
occurred first in the upstream bends and propagated downstream. For the most part, bar 
morphology was relatively stable. We saw only limited evidence of bars advancing into pools 
(Bend 3 at 11.8 hours), and the bar associated with Bend 4 extended upstream at 11.8-20 hours. 
All of the pools shoaled during the experiment, but Hmax/H was similar through time, with short-
term increases in Hmax/H < 15% for Bends 5 and 9 as the channel aggraded. By 100 hours, 
Hmax/H decreased by about 5% in Bend 3, 10% in Bend 8, and 22% in Bend 4 (Figures 4.5 and 
4.18). At 20 hours, Hmax/H decreased by 15% relative to 0 hours in Bend 4 as the pool filled with 
coarse sediment. The location of the maximum pool depth shifted upstream 0.9 m in Bend 4 and 
moved downstream 0.2 m in Bend 3 but otherwise they remained in place. The upstream shift in 
Hmax/H for Bend 4 was associated with the upstream growth of the point bar (Figure 4.17).  

The most visible topographic response to the increased supply was the shoaling of the 
pools in Bends 4 and 8 at 11.8-20 and 80 hours, respectively (Figure 4.19). The changes in 
topography coincided with a coarsening of the bed as the pool filled with coarse sediment. Visual 
observations of sediment transport patterns showed that as the pools filled in in Bends 4 and 8, 
the sediment transport moved toward the middle of the channel and away from the outer bank. 
As the pool filled in at Bend 4, the bar extended 1 m upstream (Label A in Figure 4.19), whereas 
the pool filling at Bend 8 was not associated with upstream growth of the bar (Figure 4.19). In 
Bend 4, the pool aggraded by up to 6 cm near the former location of maximum depth, effectively 
flattening the cross section (Figure 4.19). The topographic changes in Bend 4 began soon after 
the feed increase. There was little change in cross-stream topography at Bend 4 from 20-71 hours 
even though the average bed elevation increased by over 2 cm (75% of the channel depth) in that 
time. Bend 4 transformed from a bend with a single point bar and pool to a bend with shingle 
bars and 2 pools (Figure 4.18), which consist of successive bars and pools on the same side of 
the channel separated by a relatively uniform cross section (e.g., Whiting and Dietrich, 1993a). 
The shingle bars at Bend 4 persisted until 71 hours, the morphology in this bend became 
unstable, and oscillated between a shorter bar and single deeper pool similar to that before the 
feed increase, and the shingle bars present after 20 hours (not visible in Figure 4.19).  

4.5 Discussion+

4.5.1 Topographic+change+in+response+to+increased+supply+
Our experiments found that the bed steepened following the doubling of sediment feed, 

but otherwise changes to bed morphology were limited to Bends 4 and 8, despite aggradation of 
over one channel depth in the upstream half of the flume. Small, short-lived changes to bed 
morphology included both a slight (~12 %) deepening of the pool in Bend 5 and pool shoaling in 
Bends 4 and 8. The shoaling of the pool in Bend 4 persisted, while the pool depth increased in 
Bend 8 between 80 and 100 hours. The topographic changes were associated with coarsening of 
the bed surface in Bends 4 and 8. In both Bends 4 and 8 the extent of coarse facies increased as 
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the pools filled, while the extent of fine facies remained quasi-steady (Figure 4.11). In Bend 5, 
however, the extent of fine facies increased slightly (Figure 4.11) while the extent of coarse 
facies decreased, causing an overall fining of the bed. Changes to the sediment facies in Bend 9 
were very small. 

Bends 4 and 8 had intermediate curvature between Bend 3 (where the bar and pool 
moved downstream) and Bends 5 and 9 (where changes in bar and pool morphology was small). 
Bends 4 and 8 also have stronger backwater effects on water surface topography than Bends 5 
and 9 (indicated by the lower local slopes in Figure 4.15, middle panel and the decreased 
gradient near the bends in Figure 4.8). These backwater effects upstream of sharp bends may 
have increased deposition as the supply increased. Additionally, the long straight reaches 
upstream of Bends 4 and 8 (that are absent from Bends 5 and 9) likely play a role in their 
response to the increased feed. The filling of the pool in Bend 8 occurred when a fine-grained 
bedload sheet mobilized a patch of coarse sediment in the reach upstream. The temporary 
increase in coarse sediment supply overwhelmed the transport capacity of the bend and the pool 
filled, and this sediment was slowly delivered to Bend 9 downstream. Numerical modeling of 
flow and sediment transport of these flume experiments may determine if the subtle changes to 
Shields stress was sufficient to cause this reach of channel to transmit the increased sediment 
supply.  

4.5.2 Slope+and+depth+changes+to+the+sediment+transport+rate+
Figure 4.14 shows that between 80-100 hours, the average boundary shear stress 

increased between 15-26% relative to 0 hours. To explore whether this is sufficient to 
accommodate the doubling of sediment supply I used a simple sediment transport model. Models 
to predict sediment transport (e.g., Meyer-Peter and Muller, 1948) often have the form: 

!∗ = ! !∗ − !!"#$∗ !         (4.3) 

where q* is the dimensionless sediment transport rate per unit channel width, k and n are 
empirically measured. The exponent n is typically 1.5 [see Garcia, 2008 for a compilation of 
sediment transport formulae]. My visual observations suggest that τ*crit, the critical Shields stress 
at which particle motion begins is about 0.03 in our flume. q* is  

!∗ = !!
!!!!
! !!!"!

        (4.4) 

where qc is the volumetric transport capacity per unit width, ρs is the density of sediment and D50 
is the median particle size of the bed. τ* is the Shields stress defined as: 

!∗ = !!
!!!! !!!"

       (4.5) 

Because our digital grain size calculation did not accurately assess the particle sizes 
between 0.5 and 1 mm, we cannot use it to calculate D50 of the bed. We can make a preliminary 
estimate of τ* by assuming that D50 is constant and equal to the D50 of the feed (we did not 
observe obvious armoring of the bed, so this is a reasonable first approximation). Using this 
approximation for D50, the calculated 20% increase in τb (and hence τ*) would lead to a 55% 
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increase in q*, and qc. This is not sufficient to accommodate the doubling of sediment supply, 
suggesting that the bed either did fine (reducing D50) to accommodate the doubling of supply, or 
changes to the bed morphology may increase transport rates in part of the bed. Had the initial bed 
been 50% coarser than the feed (i.e., D50=1.1 mm), a fining of the bed to 0.75 mm coupled with 
the observed increase in stress would have been sufficient to accommodate the doubling of 
supply. Given that the changes to bar morphology were limited to only 3 bends, it seems unlikely 
that bed topography alone will alter the sediment transport rate in the flume . It is hoped that 
further work with the photographic record will enable a quantitative assessment of surface grain 
size changes, perhaps using a different methodology [e.g., Bellugi, 2012]. Additionally we can 
use a 2-dimensional hydraulic model to assess the spatial variation of shear stress in the flume. 
The decrease in the extent of the coarse and fine facies in the flume suggests that changes to the 
average D50 of the flume surface are possible.  

4.5.3 Comparison+with+previous+experiments+
Although the OSL experiment had a much larger increase in sediment supply than the 

RFS experiment, the OSL experiment adjusted to the higher feed rate through aggradation of the 
bar and pool, while the experiments reported here mostly accommodated the increased supply 
through steepening and fining of the bed. Prior to the feed increase, the OSL bar was relatively 
small (Figure 4.1), not created by pre-existing equilibrium flow and sediment transport 
conditions, with a large recirculating eddy on the inner bank. Increasing the feed caused the bar 
to enlarge laterally and the pool to fill, but the bar took up only about 55% of the channel width, 
and did not have the wide, flat bar top seen in all bars in the RFS experiment (compare Figures 
4.1 and 4.4). In the RFS experiment, the bar covered about 80% of the channel width.  

The difference in bar morphology likely lies with a difference in the origin of the bars. 
The OSL channel at the study bend has a width-depth ratio of approximately 9, within the range 
of 8-10 that is transitional between channels that support alternate bars and channels with plane 
beds [Parker, 1979]. Using the thresholds for alternate bars defined by Colombini et al. [1987], 
the width-depth ratio of the OSL is well below the threshold for alternate bars given the median 
grain diameter of the sediment feed. The morphology of the OSL channel therefore likely 
supports forced rather than fixed bars. Fixed bars are fixed in place by curvature, but if the 
channel were straight would be present as alternate bars, whereas forced bars occur due to 
curvature, but in the absence of the bend the channel bed would be flat because the width-depth 
ratio is small [Ikeda, 1989]. Sand bars are not present in areas of the OSL flume without bends. 
These results suggest that forced bars may more readily respond to changes in sediment supply 
than fixed bars, because the top of fixed bars often control the water surface slope, while forced 
bars may be a function of water surface elevation. 

For the two of the bends (Bends 5 and 9), the equilibrium bar response observed in the 
present experiments is similar to those observed by Eaton and Church [2009], in that the bar and 
pool morphology was relatively consistent for regardless of supply. The degree to which pool 
filling in Bends 4 and 8 was a function of the grain size distribution and the dynamics of grain 
interactions is unknown, but given the strong sorting of the bed and the very strong sorting of the 
sediment a uniform grain size distribution may have had a very different response. 
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The experiments presented here as well as the experiments of Eaton and Church [2009] 
and Erwin [2012] investigate bar unit response to sediment supply for channels with fixed banks. 
Results likely differ if the outer bank is actively eroding. In the actively eroding case, changes in 
bar morphology could be associated with adjustments to channel width, accelerated channel 
shifting and corresponding changes in the boundary shear stress field. Such a response could be 
investigated by conducting flume experiments with erodible banks and also recently developed 
numerical models that allow the channel width to evolve [Parker et al., 2011; Asahi et al., 2013]. 
As discussed above, freely migrating channels derive large amounts of sediment from bank 
erosion and this may influence the degree of bed surface sorting relative to fixed-wall 
experiments. Hmax/H in experiments using alfalfa at the Richmond Field Station (e.g., Chapters 2 
and 5) is typically around 2, much lower than the pools in the fixed-wall channel, suggesting that 
bar-pool morphology is tied to the strength of the banks and channels with lower bank strength 
may respond differently to supply changes. The flat bar tops observed in the fixed-wall channel, 
however, would be colonized by alfalfa in our experiments, effectively narrowing the channel 
and contributing to lateral shifting. 

4.5.4 Bank+erosion+and+sediment+supply+
For the upper 2 bends, the total change in mean bed elevation was greater than mean 

channel depth, and the total aggradation was over half the mean depth in 7 of the 9 bends. This 
level of aggradation is not possible in meandering rivers without the channel cutting off or 
avulsing. We observed such a change for an experiment shown in Figure 4.20. This experiment 
was conducted immediately after the fixed-wall experiments after the walls were removed. 
Following Braudrick et al., [2009], we added alfalfa to the floodplain to provide bank strength. 
The steady bankfull discharge was 2.2 l/s (slightly lower than the fixed-wall experiments), with a 
much higher alfalfa density and hence bank strength than Braudrick et al., [2009]. The initial 
coarse sediment feed rate of 3.2 kg/hr was adjusted throughout the experiment in an attempt to 
limit the aggradation, with an average coarse sediment feed of 0.85 kg/hr. The average fine 
(plastic) sediment feed was 4 kg/hr.  

The feed rate exceeded the transport capacity and the channel aggraded, primarily at its 
upstream end. Unlike the RFS experiments with fixed walls, the aggradation led to increased 
flow overbank further reducing the ability of the channel to transport sediment. This eventually 
caused the cutoff and avulsion shown in Figure 4.17 at 33 hours effectively ending the 
experiment. We would expect a similar response to very large supply increases for meandering 
channels in the field, particularly if supply increases are not associated with large floods able to 
erode the banks and widen the channel.  

4.6 Conclusions+

We explored the response of a gravel bedded meander whose banks had been fixed to a 
doubling of sediment supply. The flume was 22.5 m long, 45 cm wide and 2.8 cm deep with a 
steady bankfull discharge of 2.6 l/s. We initially ran the flume at a constant discharge and 
sediment supply for approximately 60 hours. The channel slope stabilized at 0.0048 and bar pool 
topography developed for 7 of the 9 bends in the channel. The bars were flat-topped and created 
strong sorting with coarser facies located in the pools and the upstream end of bars. Upon 
doubling the sediment supply, the channel adjusted by increasing the water surface slope from 
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0.0048 to 0.0064 and fining coarser patches of sediment and increasing the extent of mixed 
coarse and mixed fine facies. The changes to the surface size distribution of the bed were not 
adequately quantified due to a methodological problem with the photographic surveys used to 
record grain size patterns. The slope changes caused a decrease in the average water depth from 
2.8 to 2.4 cm. Aggradation ranged from just under 1 cm to 4 cm, with decreasing aggradation 
amount downstream. Bar-pool morphology changed little. The maximum pool depth relative to 
the mean depth decreased for only one of the bends in the flume, but two of the bends had 
extensive shoaling as they infilled with coarse sediment. Because the changes to bed topography 
were subtle and limited to two bends, it is unlikely that these changes altered the transport rate 
appreciably. Assuming the bed surface size was constant, a simple sediment transport calculation 
showed that the observed increase in slope coupled with the observed decrease in depth were not 
sufficient to accommodate a doubling of sediment supply, suggesting that a combination of local 
fining and changes in the corresponding local boundary shear stress field probably led to supply 
accommodation.  

Our results differed from experiments by Erwin [2012] in which a 5-fold increase in 
sediment supply was fed to a single bend at the Outdoor Stream Lab. Their low width-depth ratio 
created a forced rather than fixed bar whose size was probably a function of the supply. Slope 
changes at the OSL were also limited by the grade control provided by the gravel riffles at either 
end of the bend. Upon completion of the fixed-wall run, we remove the walls and found that the 
channel aggradation at the upstream reach caused discharge to spill onto the floodplain and 
induce a channel avulsion. This suggests a fairly modest range of bedload sediment supply 
increase can be passed downstream into bends without aggradation leading to large scale channel 
shifting.  
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4.8 Tables+

Table 4.1. Experimental conditions for the initial sediment feed 

Parameter Initial value 
(0 hours) 

Final value 
(100 hours) 

Discharge (l/s) 2.6 2.6 
Feed Rate (kg/hr) 6 12 
Average Width (cm) 45 45 
Average Depth (cm) 2.8 2.4 
Width-depth ratio 16.6 18.8 
Active width (cm) 28 30 
Water surface slope  0.0046 0.0064 
Froude number 0.39 0.50 
Reynolds Number 5800 5800 

 
 

Table 4.2. Length and minimum radius of curvature relative to width (Rc/B) of experimental 
bends with point bars. The bends are labeled in Figure 4.4a.  

Bend Bend length (m) Sinuosity Rc/B 
Bend 3 4 1.24 1.7 
Bend 4 4 2.18 1.1 
Bend 5 2 1.36 0.86 
Bend 8 2.5 1.33 1.1 
Bend 9 1.7 1.08 0.97 
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4.9 Figures+

 
Figure 4.1. Bed topography comparing low and high sediment feeds for the Outdoor Stream Lab 
experiments from Erwin [2012]. Flow is from right to left. The color scale is identical for the two 
figures. 
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Figure 4.2. Overhead images of A. the self-formed channel using alfalfa to provide bank strength 
similar to Braudrick et al. [2009] prior to channel infilling due to a feeder malfunction and B. 
The fixed-wall channel used in the RFS experiments. An extra bend was added upstream to limit 
the downstream impact of the inlet condition and the walls in the two lowermost bends are 
slightly different as the bed was disturbed to make repairs to the flume and cart. 
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Figure 4.3. Grain size distribution of the sediment feed.  
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Figure 4.4. A. Channel depth at 0 hrs immediately proceeding the feed increase. Bend numbers 
are indicated on the Figure 4.and are numbered from upstream to downstream. The pool 
associated with the downstream apex in Bend 4 was not obscured by the channel walls and is not 
visible in this map. B. Sediment facies at 0 hrs with the inset image showing dunes present in the 
fine facies at the downstream end of bends. The photograph is looking upstream between bends 4 
and 5. C. Channel centerline coordinates for the experiments.   
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Figure 4.5. The minimum radius of curvature for a bend scaled by the flume width (45 cm) 
(Rc/B) relative to the maximum pool depth in the bend f scaled by the average depth for the 
flume for a given time step (Hmax/H) . Hollow symbols represent 0 hours, filled color symbols 
represent 100 hours, and filled grey symbols represent the maximum and minimum Hmax/H for 
each bend if they differ from 0 and 100 hours. Bends 1, 2, 6, and 7 are not shown for clarity. 
Bends 1 and 2 are strongly influenced by the flume inlet, and Bends 6 and 7 did not develop 
point bars.   
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Figure 4.6. Water surface profile measurements through time. The water surface is stable 
between -27.5 hrs and 0 hrs and increases from 0 hrs to 55 hrs when the transport rate at the 
bottom of the flume stabilizes.   
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Figure 4.7. Sediment flux measured at the flume outlet. The sediment transport rate is measured 
at the flume outlet and is filtered twice using a 15-minute running average.  
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Figure 4.8. Water surface elevation maps for -3 and 80 hours. The contour interval is 1 mm in 
both maps. The jagged edge of the channel is a function of the coarse grid used relative to the 
topographic surveys.  
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Figure 4.9. Map of sediment facies through time. 



 
84 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10. Percent of the bed area occupied by each of the sediment facies through time. 
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Figure 4.11. Changes in the extent of each facies by bend   
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Figure 4.12. Change in hydraulic variables used to calculate the transport capacity for the RFS 
experiment through time. 
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Figure 4.13. Mean bed elevation through time. The mean bed elevation is the mean of elevation 
data binned every 5 cm along the streamwise coordinate. The dark blue line indicates 0 hours, 
the dark red line indicates 100 hours, the gray lines are for time steps between 0 and 100 hours, 
and the black lines are for time steps prior to zero hours.  
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Figure 4.14 Average boundary shear stress for the entire flume length calculated using equation 
4.2.  
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Figure 4.15. Variation in mean depth, water surface slope, and active width in the flume. The 
dark blue line indicates 0 hours, the dark red line indicates 100 hours, the gray lines are for time 
steps between 0 and 100 hours, and the black lines are for time steps prior to zero hours. The 
mean depth is the mean of depth data binned every 5 cm along the streamwise coordinate. Large 
spatial variations in mean depth occur due to sampling density changes where the orientation of 
the flume angle changes relative to the orientation of the bed surveys, this does not influence the 
temporal variations in depth. Water surface slopes are calculated as the downstream elevation 
change between two survey points, and negative values reflect backwaters associated with bends.   
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Figure 4.16. Maps of flow depth through time. Larger versions of these maps are available in 
Appendix C.  
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Figure 4.17. Maps of flow depth changes through time.  
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Figure 4.18. Maximum depth (Hmax) divided by the mean depth (H). The mean depth is the mean 
depth of the entire flume at each survey time. The maximum depth is calculated for 5-cm 
streamwise bins. The dark blue line indicates 0 hours, the dark red line indicates 100 hours, the 
gray lines are for time steps between 0 and 100 hours, and the black lines are for time steps prior 
to zero hours.  
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Figure 4.19. Depth and facies maps of Bend 4 at 0 and 20 hours and Bend 8 at 55 and 80 hrs. 
Location A denotes pool filling at 20 hours, B shows bar shoaling upstream, C represents flow 
deepening over the point bar, and D shows where the pool filled with coarse sediment.  
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Figure 4.20. Overhead time series of experiments conducted immediately after the RFS 
experiments using alfalfa to provide bank strength, sand as model gravel and a lightweight 
sediment as model sand. 
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5 Meandering+river+dynamics+under+constant+boundary+conditions+

5.1 Introduction+

Meandering rivers migrate across their floodplains, eroding material on their outer banks 
and creating new floodplain deposits on their inner banks through growth of point bars and 
settling of overbank sediments. As the channel migrates and cuts the change in sinuosity leads to 
a reduced water surface slope. Although convective accelerations are significant in meandering 
channels with point bars, the offsetting forces that arise tend to leave the pressure gradient term 
as approximately equal to the local boundary shear stress [Dietrich and Smith, 1984]. Hence the 
boundary shear stress can be estimate from the local product of flow depth and water surface 
slope [Dietrich, 1987]. As meandering rivers slowly migrate, the water surface slope gradually 
decreases until cutoff resteepens the reach. For the River Bollin in the UK, the sinuosity varied 
from 1.5 to nearly 3 over 140 years before decreasing to 1.4 within 25 years following a series of 
cutoffs [Hooke, 2004]. Although there aren’t water surface slope measurements for the Bollin, 
migration should have decreased the water surface slope by a factor of two, significantly 
decreasing the ability of the river to transport sediment over that period. Field measurements and 
numerical experiments show that if stress decreases through a decrease in flow depth as the 
discharge decreases, the decline in sediment transport rates may be mitigated by topographically-
induced increases in local boundary shear stress [Dietrich et al., 1984; Francalanci et al., 2012]. 
Similar changes may also occur as boundary shear stress decreases with increases in sinuosity. In 
gravel-bed rivers, however, sorting effects may cause a significant offset between maximum 
boundary shear stress and the maximum bedload transport [Dietrich and Whiting, 1989]. The 
offsetting effects in gravel-bed rivers marginally above threshold Shield stresses that leads to 
continued net bedload transport as bends grow are not well established.   

Self- maintaining, actively shifting meandering channels in the laboratory have only 
recently been developed [Braudrick et al., 2009 (Chapter 2); Van Dijk et al., 2012]. In Chapter 2, 
Braudrick et al. [2009] (hereafter the 2009 experiment) found that laboratory meanders require 
bank strength, fine sediment (a model sand), and surprisingly did not require overbank flooding. 
As described in Chapter 2, the 2009 experiment used alfalfa sprouts as model vegetation to 
supply bank strength and roughen and strengthen the floodplain. Additionally, these experiments 
used sand as a model gravel and a lightweight plastic as a model sand. The lightweight plastic 
traveled in suspension in high velocity zones and moved as bedload where velocities were low, 
but critically, because the plastic was relatively large and coarse, and was non-cohesive, it could 
be re-entrained once it was deposited. The lightweight plastic behaved like sand in gravel 
meanders, depositing in the low velocity zones in chute channels that develop between the 
floodplain and the point bar, and depositing downstream of the bend apex and higher elevation 
surfaces. The deposited plastic sediment was readily entrained when exposed in subsequent 
channel bank erosion. The blocking of chute channels was particularly crucial for developing 
sinuosity and limiting chute cutoffs [Braudrick et al., 2009]. The 2009 experiment required 
frequent adjustment of the coarse sediment feed to prevent aggradation at the upstream end of 
the flume, and for the latter half of the experiment the coarse feed was often turned off. The 2009 
experiment showed that the fed sediment was not transported downstream through the flume, but 
rather sediment was exchanged between depositing point bars and eroding outer banks. 
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Subsequently, van Dijk et al. [2012] created a scaled gravel meander in a 6 m wide by 11 
m long basin with slightly lower discharge (1 l/s versus 1.8 l/s) and a finer bed (D50=0.51 mm 
versus 0.78 mm) than used by Braudrick et al. [2009]. Van Dijk et al. [2012] incorporated a 
small amount of mildly cohesive silica flour in their sediment feed to provide bank cohesion 
rather than using vegetation. Their coarse sediment feed was slightly higher than the coarse feed 
rate in Braudrick et al. [2009] (0.75 kg/hr), while the feed rates of the fine silica  (0.25 kg/hr) 
was much lower than Braudrick et al. [2009], even accounting for the density differences. Their 
fine sediment diameter (0.05 mm) and feed rate were designed to optimize bank strength [Van 
Dijk et al., 2013]. They introduced a laterally shifting entrance condition to direct a current into a 
channel with low-amplitude bends formed before the entrance condition shifted. 

Their channel migrated across the flume creating very complex floodplain topography 
with multiple floodplain channels formed on the inside of each bank. These channels form as 
chutes on the inside of bends after periods of rapid migration or as abandoned channels 
following cutoffs. The chutes were similar to those observed by Braudrick et al. [2009], but there 
were more of them on each bend. The more common chute channels likely occurred and 
persisted due to a combination of the low fine feed rate and because there was no vegetation to 
promote the deposition of fines in the channels. The complex floodplain topography led to more 
persistent islands and more frequent cutoffs as their experiments progressed.  

Van Dijk et al. [2012] argued that dynamic upstream perturbation was necessary for 
meander instability to persist. Short laboratory flumes do suffer from stationary fixed inlets 
which damp or delay bar development and meandering and the use of a laterally shifting 
entrance condition is a clever strategy to address this. In straight experiments with free alternate 
bars, bars do not develop immediately at the entrance, but rather some distance downstream 
where the influence of the boundary conditions of flow and sediment transport diminish [e.g., 
Ikeda, 1983; Lanzoni, 2000b], which is problematic for the relatively short flumes used in many 
experiments. Our strategy in Braudrick et al. [2009] and the experiments presented in this 
chapter was to use a longer flume (17m versus 11 m in the van Dijk case), enabling the internal 
dynamics to develop and advance with fewer upstream boundary conditions effects and without 
the immediate upstream forcing done by van Dijk et al. [2012]. Upstream perturbations due to 
the bed and banks therefore have enough space to generate a meandering form, and persist after 
cutoff. This approach allows exploration of bank erosion, point bar development, channel bed 
morphodynamics without imposing a migration rate at the upstream end of the flume.  

The goal of this final experiment was to confirm that we had identified the necessary 
conditions for successful formation of a self-formed laterally migrating channel with cutoffs by 
repeating the 2009 experiment. I made three major modifications relative to the 2009 
experiment. First, I increased the bank strength through increased alfalfa density to decrease the 
migration rate and promote a higher sinuosity. Secondly, the sediment supply and discharge were 
constant, rather than variable as in the 2009 experiments. There were some unintentional 
differences as well. Due to settling of sand in the basin, the slope at the lower end of the flume 
was steeper than in the 2009 experiment.  

In this chapter I show that: 1) the experiment is repeatable: a self- maintain cutoff system 
develops, although you can see downslope extending upper boundary condition of fixed bends 
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that over time reduced the extend of active meandering , 2) although the alfalfa density was 
higher, patches of reduced growth due to elevated water levels during irrigation flows and 
channel aggradation led to pathways for flood flow to concentrate and promote chute cutoff,  3) 
the bend growth led to increased sinuosity and reduced slope which lead to aggradation in the 
upslope reaches of the bends which induced the floodplain flows that led to bend cutoff, and 4) 
local very sharp curved banks formed as the rest of the bends ceased laterally migrating as the 
shear stress dropped, presumably below a critical shear stress for bank erosion. Collectively the 
two experiments (2009 and 2012) suggest that sinuosity induced slope reduction can lead to 
aggradation and contribute to channel avulsion or chute cutoff limiting channel sinuosity. The 
importance of reach scale aggradation associated with bend growth in natural channels is poorly 
known. These experiments point to the need for field and numerical modeling studies to explore 
these processes further.  

5.2 Methods+

This experiment was conducted in a 6.3 m wide and 17 m long basin at UC Berkeley’s 
Richmond Field Station (Figure 1), the same basin used in the 2009 experiment. The basin has a 
slope of 0.0055, and with a fixed downstream outlet elevation. Similar to Braudrick et al. [2009], 
I did not attempt to directly scale a specific channel from the field, but rather to replicate 
conditions that scaled to gravel bed meanders in general. The laboratory model represents a 0.01-
0.04 scale model of a gravel bed meander from the field. The scaling between the flume and field 
is discussed in section 5.4.2. This experiment followed a previous (unreported) experiment using 
a higher discharge (2.6 l/s-the same discharge used in the fixed-wall experiments in Chapter 4) 
that resulted in avulsion after 38 hours. In all cases the dense alfalfa limited bank erosion, but the 
channel could not transmit its load. Three other experiments with a higher discharge of 2.2 l/s 
avulsed (e.g., Figure 4.20). The large-scale bends from the avulsed channel were filled in and the 
original channel was deepened by hand. This resulted in 29-cm wide initial channel with a 
sinuosity of 1.1 due to 6 small amplitude bends within the basin (Figure 5.1). The uppermost 4 m 
of the flume are fixed in place using roughened slats of sheet metal to provide an initial bend in 
the channel and limit the effects of aggradation at the inlet (Figure 5.1). Due to settling 
differences in the bed that occurred prior to the experiment, the downstream portion of the flume 
was steeper than the 2009 experiment (Figure 5.2), with a mean basin slope of 0.0054 between 
the end of the fixed wall inlet (at 5.5 m) and 10.5 m. The lower from10.5-15.9 m, the basin had a 
slope of 0.0075 (Figure 5.2).  

As with the 2009 experiment, we used alfalfa to provide bank and floodplain strength. 
Alfalfa was seeded in the flume by hand while a low flow ran through the channel. The low flow 
irrigated the alfalfa and prevented alfalfa establishment in the channel. This irrigation flow was 
not sufficient to transport sediment. Every 8-20 hrs, alfalfa was replanted on exposed bar 
surfaces and to fill in gaps where alfalfa had rotted. The alfalfa was allowed to grow for 1 week 
before the next experiment. During the growth period the water surface at the outlet of the flume 
was held constant to maintain a high water table in the floodplain and keep the seeds moist. Six 
1000-watt grow lights were suspended over the flume and turned on for approximately 16 
hours/day after the seeds germinated. Occasionally the entire crop of alfalfa was reseeded, as 
some alfalfa started to grow too large, which caused a change in both the above ground 
morphology and also dramatically changed the root structure from a single tap root to a more 
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extensive root network that was very difficult to erode. Three times as many alfalfa seeds 
(measured by weight) were used in the 2012 experiments than Braudrick et al. [2009]. Similar to 
Braudrick et al. [2009] eroded alfalfa that deposited on the channel bed during the experiment 
was removed by hand. 

Water and sediment input rates were held constant during the experiments. Discharge 
was measured using a V-notch weir at the upstream end of the flume and kept constant at 1.8 l/s, 
the same discharge used as bankfull discharge in Chapter 2. Similar to Chapter 2, the sediment 
feed consisted of sand (model gravel) and a lightweight plastic sediment (model sand). The 
sorted sand had a median size (D50) of 0.75 mm (Figure 5.3). The sand was identical to the 
sediment that initially filled the basin before the onset of the experiments. Rather than remove 
deposited sediment from previous experiments, this sediment was left in the basin. This provided 
a limited in-stream source of plastic sediment and provided some variability in the materials 
making up the banks at the outset of the experiments. The fine sediment was a 2:1 mix by 
volume of Clear Cut (specific gravity = 1.3) and Type II Urea (specific gravity = 1.5). The 
specific gravity of the combined plastic sediment was 1.36. Both types of plastic were somewhat 
disk-shaped, with a b-axis diameter that ranged between 0.25-0.42 mm , had angular edges, and 
were not cohesive. The coarse and fine sediment were fed independently by Accufeed 
Vibrascrew feeders at the upstream end of the flume at rates of 1.4 and 5 kg/hr, respectively. The 
feed rate of the coarse sediment was set as low as possible while still maintaining a steady feed. 
The fine feed rate was identical to the fine feed rate in the later half of Braudrick et al. [2009]. 
The fine sediment behaved like sand in gravel bedded streams, moving both as bedload and 
suspended load. The lightweight plastic was crucial for allowing this behavior by combining a 
low settling velocity (allowing for sediment to move in suspension), while reducing the critical 
stress relative to natural sediment with an equivalent settling velocity (e.g. silt).  

Water and sediment were removed from the downstream end of the flume using an 
eductor that delivered them into a submerged large nylon mesh basket attached to a load cell. 
Water was then recirculated while sediment remained in the load cell. All of the sediment from 
8-12 hour run was removed from the load cell basket and dried. We calculated the density of the 
sediment transported out of the flume by weighing the dried sediment and dividing by the 
volume. The volume of sediment collected at the flume outlet was calculated by measuring the 
change in water elevation in a tank of known dimensions as the sediment was submerged. The 
fraction of fine and coarse sediment was calculated by solving: 

!! = !!!! + !!!!        (5.1) 

!! + !! = 1         (5.2) 

where ρs is the measured density of the sediment collected in the load cell, ρc is the density of the 
coarse material (2650 kg/m3), Fc is the fraction of the coarse sediment, and ρp is the density of 
the plastic (fine) sediment (1360 kg/m3) and Fp is the fraction of plastic sediment. This 
calculation assumes that both components of the fine sediment are transported out of the flume at 
the same rate, and there is not differential deposition of the denser plastic. The two plastics are 
slightly different colors, and we did not observe obvious differences between the feed and the 
plastic transported out of the flume.  
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Bed topography was measured using three oblique cameras and vertical laser sheet 
attached to a movable cart that spanned the basin. The bed topography was measured when the 
flume bed was drained. The images were processed in Matlab. Pixel size was approximately 1 
mm in the x and y directions, with cross sections measured every 5 cm down the length of the 
flume. There were 18 topographic surveys during the 120-hour experiment. Water surface 
centerlines were measured using a point gauge attached to the movable cart. Typically, points 
were spaced 0.5-0.75 m apart and were centered by eye in the channel. Overhead images of the 
experimental channel were taken every 10 minutes by two cameras mounted above the flume. 
These images were corrected for distortion and stitched together using Matlab.  

Channel topography and water surface elevation were used to calculate channel depth. 
The centerline was defined in ARC-GIS using the NCED planform statistics toolbox developed 
by Wes Lauer. To calculate depth we converted the water surface elevations and depth 
measurements into streamwise-normal-elevation (snz) coordinates following the methods 
described in Legleiter and Kyriakidis, [2006]. Water surface elevations were interpolated every 5 
cm. Centerline water surface elevations were interpolated every 5 cm down the length of the 
flume. We then subtracted the bed elevation from the interpolated water surface elevation at the 
centerline in 5 cm s-coordinate bins, assuming the centerline water surface elevation represented 
the water surface elevation across the entire cross section. The difference in cross-channel water 
surface elevation at bends was generally less than 1-1.5 mm. Because the banks of the upper 
portion of the channel are fixed in place, all reported statistics are only for the 9.9 m-long reach 
from X=6 m-the downstream of the flume inlet to the downstream end of the surveyed reach at 
X=15.9 m (approximately 1.1 m upstream of the flume outlet). X=6 m is the approximate 
boundary between the bend created by fixed walls and the first free bend downstream. 

The channel banks were defined by hand in ARC-GIS using the topographic maps. 
Because the width varied, we calculated the erosion and deposition rates (in cm/hr) for each bend 
independently. For the 18 surveys, we calculated the offset of each bank every 5 cm normal to 
the previous bank location, and used the average offset as the erosion or deposition rate. When a 
bend cut off between surveys, we did not calculate its erosion or deposition during that time step.  

5.2.1 Differences+with+the+previous+experiment+
The experimental methodology differed from the 2009 experiment in several important 

ways (Table 5.1). As discussed above, the alfalfa was 3 times denser in the current experiments 
(2012) than the 2009 experiment, and the inlet walls were extended slightly downstream. The 
2012 discharge was constant, was as the hydrograph during the first 71 hours of the 2009 
experiment consisted of a bankfull discharge of 1.8 l/s and periodic overbank flows that were 
typically 2.7 l/s but up to 4.4 l/s. The sediment feed characteristics also differed. The coarse and 
fine feed rates in the 2012 experiment were held constant at 1.4 kg/hr and 5 kg/hr, respectively. 
The 2009 experiment varied the coarse sediment feed, turning it off for long periods to prevent 
aggradation at the upstream end of the flume. The overall coarse feed rate in the 2009 
experiment was 0.75 kg/hr. The fine feed rate also varied in the 2009 experiment, but to a lesser 
degree with an average fine feed rate of 3.4 kg/hr. The composition of the fine feed differed as 
well. The plastic feed in the 2009 experiment was Urea  (specific gravity=1.5) for the first 65 
hours and Clear Cut (specific gravity = 1.3) for the final 65 hours of the experiment, whereas the 
2012 experiment had a constant mix of the two (bulk specific gravity =1.36). The 2012 
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experimental channel was much narrower initially  (29 cm versus 40 cm) and deeper (2.7 cm 
initial depth versus 1.9 cm). The narrower initial channel records the effects of increased bank 
strength on the experiments that immediately preceded those shown here.  

5.3 Results+

The evolution of channel morphology through time is shown in Figures 5.4-5.6. Higher 
frequency overhead (every hour) and topographic maps (every 6-8 hours) are provided in 
Supplemental Videos 2 and 3 and Appendix D. For clarity we numbered the bends from 
upstream to downstream with Bend 1 being the first bend downstream of the fixed walls. The 
bend numbers are shown on Figure 5.7. 

5.3.1 Description+of+bar+growth+and+bank+erosion+
Banks failed not as a mass, but through the erosion of individual sand grains at the base 

of the bank. The alfalfa roots provided some cohesion to the banks, but also helped to roughen 
the near bank area, limiting bank erosion. Alfalfa also limited floodplain erosion during 
overbank flows. Similar to the 2009 experiment, chute channels developed between point bars 
and floodplains (Figure 5.7). In some areas, a thin soil-like layer developed where old alfalfa had 
died, provided additional bank strength. This layer failed once it was undercut, similar to failures 
of composite banks described by Thorne and Lewin (1979), but once the layer failed, the chunks 
were rapidly broken up and transported out of the flume.  

Point bars were built by deposition of coarse sediment at their upstream end and fine 
sediment downstream of the apex. Fine sediment also deposited on the top of point bars and on 
floodplains when the channel capacity changed and the floodplain was submerged. Fine 
sediment also rapidly plugged cutoff channels. Downstream of the first bend, the coarse 
sediment that built point bars was primarily derived from bank erosion of the adjacent upstream 
bend or from upstream cutoffs rather than the sediment feed. The coarse fraction of the point bar 
was not sorted into the distinct patches in the fixed wall experiments detailed in Chapter 4.  

Each point bar was partially separated from the floodplain by a chute channel. The chutes 
in Bends 3 and 4 are oxbow lakes formed following channel cutoffs (see Supplemental Video 2). 
The chute in Bends 1 and 2 formed during rapid downstream migration of the bend (e.g., Figures 
5.7 and 5.8), similar to the chute formation processes observed in the 2009 experiment. The 
chutes were plugged at their upstream end and open at their downstream end (Figures 5.4, 5.5, 
5.7 and Appendix D), but were a smaller portion of the bend length than the chutes observed in 
the 2009 experiment.  

Downstream migration of bends caused rapid and extensive fine sediment deposition 
downstream of the bend apex along the inner bank. This happened because the downstream 
migration of the bend apex redirected flow away from the downstream end of the point bar, and 
fine sediment was deposited in relatively still water. Downstream migration occurred when 
bends were lengthening either in the early stages of the experiment (as in Figure 5.8) or 
following cutoffs (see Supplemental Video 2).  
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5.3.2 Morphologic+evolution+
 Figures 5.4-5.6 show that channel morphology evolved in three phases during the 120-

hour experiment. Their morphological evolution is described below.  

Phase(1<Bend(Growth((0<35(hours)(
During the Bend Growth phase, the channel went from a relatively straight morphology 

to developing a series of bends both through lateral and downstream expansion of the bends. 
Nearly the entire channel length was migrating. This occurred over about the first 40 hours of the 
experiment as the sinuosity increased from 1.08 to about 1.2 and included two cutoffs (Figures 
5.4-5.6). Five bends developed during the first 40 hours and there were 2 cutoffs--Bend 5 at 12.5 
hours and Bend 4 at 31 hours. The cutoff at 12.5 hours occurred within 30 minutes of increasing 
the flow from the irrigation flow to a flood flow after the alfalfa was reseeded and allowed to 
grow for a week. The alfalfa grew on the bar surface but not in the chute providing a weakly 
vegetated path for the cutoff. The cutoff at 31 hours occurred on a sinuous bend, and was the 
only cutoff during the experiment where aggradation did not lead to a zone of weak alfalfa 
growth as discussed above (Supplemental Video 2). The cutoff at 31 hours occurred through a 
very small chute (<10 cm wide) that was elevated relative to the channel bed, but where alfalfa 
density was lower than the surrounding bar and floodplain.  

The fifth bend rapidly moved downstream of the topographic surveys at the start of the 
experiment and is not included in our analysis. Bend 1 had a longer wavelength than Bends 2-4 
(Figures 5.4-5.6), likely due to its proximity to the flume inlet. Aggradation occurred upstream of 
the apex of Bends 2 and 3 at the end of the Bend Growth period (visible in Appendix D). The 
Bend Growth phase ended at about 35 hours in Bends 2 and 3 and at about 50 hours in Bend 4. 

Phase(2(Bend(skewing(and(aggradation((35<77(hours)(
At 35 hours in Bends 2 and 3 and 50 hours in Bend 4, the pattern of migration changed as 

erosion focused on the areas just downstream of their apexes, creating bends skewed downstream 
(Figures 5.4-5.6, Appendix D, Supplemental Videos 2 and 3). Downstream skewness increased 
with time and caused the sinuosity to increase from about 1.2 to 1.6 (Figure 5.9). As the bends 
became skewed between 35 and 77 hours, Bends 3-5 developed a second point bar between the 
upstream crossover with the previous bend at the point bar at the bend apex (e.g., PB2 on Figure 
5.10). The two point bars were separated by a relatively straight reach that did not migrate 
(Figure 5.10C). There was a small amount of upstream migration associated with the upstream 
point bar in Bend 2 (compare panels C and D on Figure 5.10). As the channel migration slowed, 
the channel began to aggrade upstream of the apex of bends (Figures 5.5 and 5.10).  

Phase(3(Cutoffs(and(channel(steepening((77<120(hours)(
 During the final phase of the experiment, the channel responded to aggradation during the 
bend skewing phase by cutting off the three downstream bends--Bend 3 at 77 hours, Bend 2 at 87 
hours, and Bend 4 at 102 hours (Figure 5.5, Table 5.2). For all three cutoffs, by raising the 
stream bed relative to the floodplain, aggradation upstream of the bend apex increased overbank 
flows on the floodplain. Aggradation was sufficient to cause ponding of water in low spots on 
the floodplain during the irrigation flow. Water was mostly supplied to the ponded areas via 
groundwater flow as the stream bed elevation approached the elevation of the floodplain 
upstream of the bend apex (Figure 5.5). This ponding limited alfalfa growth, creating a weak 



 
102 

area for the overbank flow to erode once the high flow was turned back on. For the cutoff of 
Bends 2 and 4, the irrigation flow established flow paths through the floodplain where alfalfa 
growth was limited. These flow paths were exploited and enlarged once the flood flow was 
turned on. The cutoff at 77 hours had little effect on downstream morphology because the newly 
cut channel was relatively narrow and not transmitting much water or sediment.  

The cutoff of Bend 2 at 87 hours steepened the channel both by shortening the channel 
path, but also by cutting off the aggraded sections of Bend 2, which were increasing the upstream 
backwater (see Supplemental Video 2). After the cutoff, the water surface elevation dropped in 
the reach upstream of Bend 2, and the channel incised by up to 5 mm. Downstream of the cutoff, 
migration was reinvigorated as water and sediment connectivity were reestablished (see 
Supplemental Video 2 and Appendix D). Following the final cutoff at 101 hours, a series of 
island bars developed in the downstream portion of the flume (Figures 5.4 and 5.5, Appendix D) 
as the local sediment transport rates increased by nearly a factor of four (discussed in the next 
section). Periodic increases in the portion of flow carried through the secondary channel of the 
island bar would sweep out deposited fine sediment, preventing the blocking or filling of the 
secondary channel required to transform it into a point bar. The three cutoffs during the last third 
of the experiment shortened the local streamwise channel distance (and increased the local slope) 
from 50 to 70% (Table 5.2). 

5.3.3 Sediment+Flux+
The sediment transport rate exceeded the feed rate from about 12 hours until 48 hours 

after the beginning of the experiment (Figure 5.11). Because we use a mix of lightweight plastic 
sediment and sand, the submerged mass of sediment measured at the flume outlet is a function of 
the volume of sediment transported through the flume as well as the relative proportion of sand 
and plastic sediment. The highest transport rates were measured between 16 and 18 hours at an 
average rate of about 6.5 kg/hr and gradually declined to 2 kg/hr until 30 hours, before increasing 
again after a cutoff of Bend 4 to about 4.5 kg/hr and gradually declining to 1.1 kg/hr at 60 hours. 
The transport rate stayed below 1.3 kg/hr for the next 40 hours when Bend 4 was cut off and the 
transport rate increased in two pulses of up to 5 kg/hr (Figure 5.11). By 100 hours the cumulative 
mass of sediment transported out of the flume was equal to the cumulative mass of fed sediment, 
and by the end of the experiment, the cumulative flux out was within 2% of the cumulative feed. 

The density of the sediment collected at the outlet was relatively steady at about 1960 
kg/m3 for the first 45 hours (Figure 5.12). This is approximately 20% higher than the density of 
the feed, indicating that fine sediment was deposited in the flume and that the discharged 
sediment was differentially the coarse fraction derived from bank erosion upstream of the outlet. 
The plastic fraction prior to 45 hours was about 0.54 (Figure 5.12). As the sediment flux declined 
after 45 hours, the density of sediment measured at the outlet decreased and the plastic fraction 
increased to 0.9 (Figure 5.12), as nearly all of the sediment transported to the flume outlet was 
lightweight plastic. The density of the sediment collected at the flume out increased to 1730 
kg/m3 after Bend 4 cut off at 102 hours as the plastic fraction decreased to 0.72 (Figure 5.12). 
Coupling the sediment density measurements with the submerged flux measurements indicates 
that the flux of plastic sediment is always below the feed rate of plastic as material is lost to the 
bars and floodplains. The high peaks in sediment flux are periods where the coarse flux out of 
the flume was higher than the coarse feed rate.  
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5.3.4 Water+surface+slope+and+sinuosity+
The average water surface slope downstream of 6 m had a sawtooth pattern, with three 

relatively large increases in slope, due to cutoffs at 12.5, 77, and 102 hours followed by 
decreases in slope associated with migration (Figure 5.9). The two other cutoffs (at 31 and 77 
hours) did not reduce the overall water surface slope because migration increased immediately 
after the cutoff balancing the loss of sinuosity. During the first 39 hours the sinuosity increased 
from 1.1-1.2 and the water surface slope decreased to 0.0055 from a high of 0.0059 (Figure 5.9). 
As the bend morphology became skewed, the water surface slope declined in two steps between 
39 and 45 hours, and 60-68.5 hours. By 68.5 hours the slope had decreased to 0.0046 and the 
sinuosity was 1.6 (Figure 5.9). Once the cutoffs began, the channel steepened, and by the end of 
the experiment the water surface slope was 0.0055 and the sinuosity was 1.2 (Figure 5.9).  

The mean water surface slope was calculated using a best-fit line to the water surface 
data to interpolate a water surface slope for the entire flume. The water surface slope is not 
constant and steepens downstream (Figure 5.13). The water surface slope at the downstream end 
of the flume declines until the slope is much more uniform at 68.5 hours, prior to the cutoffs, and 
the downstream slope increased relative to upstream following the cutoffs (Figure 5.15). The 
slope steepens within Bend 2. We therefore calculated the water surface slope and sinuosity 
separately for Bends 1-4 (Figure 5.14) to account for downstream steepening. The water surface 
slope in Bend 1 steadily declined from 0.0047 at 6 hours to 0.0029 at 68.5 hours as the bend 
sinuosity increased from 1.09 to 1.29. The water surface slopes for the other bends were more 
volatile. The slope in Bend 2 varied between 0.0038 to 0.0055 during the first 39 hours of the 
experiment. It then decreased to about 0.004 until increasing rapidly 77.5 hours as the bed 
aggraded and Bend 3 cut off. The sinuosity in Bend 2 increased to 2.4 as the bend skewness 
increased at 68.5 hours, but decreased rapidly to 1.3 when Bend 3 cut off (Figure 5.14b).  

Much of the slope adjustment observed in Figure 5.8 was due to the dramatic decrease in 
slope in Bends 3 and 4, both of which had slopes decrease by half relative to their maximum 
value. The slope in Bend 3, decreased from 0.011 to 0.0048 at 68.5 hours prior to cutting off then 
increased again to 0.01 at 114 hours (Figure 5.14A). The water surface slope in Bend 4 
decreased from 0.008 to 0.004 between 22 and 68.5 hours, and was steady until increasing again 
at 100 hours once it cut off and steepened (Figure 5.14A). The sinuosity increased to values 
greater than 2 as the water surface slope dropped in Bends 3 and 4 (Figure 5.14B). For Bends 2-4 
the decrease in water surface slope is greater than the increase in sinuosity due to in-channel 
aggradation and backwater from the overbank flow on the floodplain.  

5.3.5 Channel+geometry+
Channel geometry also varied during the experiments (Figure 5.9). The mean channel 

depth for the entire experiment was 2.8 cm, and varied from 2.5 to 3.3 cm. The average channel 
depth increased during the first 18 hours to 3.3 cm, then gradually decreased to 2.5 cm at 78 
hours and stayed within 2.5 and 2.8 cm for the remainder of the experiment (Figure 5.9). The 
average bankfull channel width during the experiment was 30 cm, but the average width varied 
form 19-40 cm (Figure 5.9). The average channel width was relatively steady during the first 52 
hours of the experiment (29-32 cm), but subsequently declined to 19 cm at 87 hours and did not 
increase until the cutoff of Bend 2 after which the width increased to a maximum of 40 cm at 
108 hours.  
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The average width was highest for Bend 1 (34 cm) and lowest for Bend 4 (25 cm) during 
the first 52 hours of the experiment (Figure 5.15). The difference decrease in width between 
Bends 1 and 4 (26%) in the first 52 hours is identical the decrease in the slope of the basin from 
Bends 1 to 4 (26%, Figure 5.2). The width decline at 52 hours occurred first upstream and lastly 
in Bend 4 (Figure 5.15), but the width of Bends 1, 2, and 4 all increased rapidly once Bend 2 cut 
off.  

Because the width and depth both decreased through time, the width depth ratio (B/H) 
remained relatively steady near 10 until it dropped to about 7.1 at 87 hours. B/H subsequently 
increased dramatically to about 40 due to large increases in width following the series of cutoffs 
(Figure 5.9).  

5.3.6 Migration+Rates+
The bank erosion rate ranged from 0.3 to 3.6 cm/hr (Figure 5.16), with a mean outer bank 

erosion and inner bank accretion rate of 1.5 cm per hour (0.048 and 0.049 widths/hr). Erosion 
rates were highest at the beginning of the experiment as the channel began to develop curvature 
and bends lengthened. The erosion rate gradually declined from 2.5 cm/hr at 25 hours to 0.63 
cm/hr at 60 hours and stayed below 1 cm/hr until Bend 2 cut off at 87 hours. Mean erosion and 
deposition rates were similar with the exception of 6, 25, and 39 hours, which corresponded to 
changes in channel width.  

5.3.7 Summary+of+results+
During the bend building phase of the experiment, the water surface slope declined 

slowly as sinuosity increased. The average width (30 cm) and depth (3 cm) were quasi steady as 
bends grew. During the bar growth phase the sediment transport rate at the downstream end of 
the flume exceeded the feed. At the downstream portion of the flume, it was steep and the banks 
were entirely coarse sediment. The bank erosion rate varied between 0.03-0.1 widths/hr. 

The bends became skewed downstream when erosion focused over a short distance just 
downstream of the apex. The width decreased throughout the flume and observation suggest the 
depth decrease was greater downstream in the steeper reach of the flume where it aggraded. The 
portion of water depth over the floodplain increased. The decreased depth, water surface slope, 
and discharge through the channel decreased transport rates of coarse sediment, and the sediment 
flux declined until only about 10% of the material transported out of the flume was coarse 
sediment. The change in migration style (to localized bank erosion only) decreased the erosion 
rate to about 0.02-0.03 widths/hr and sediment eroded from banks was trapped upstream of the 
downstream bend apex.  

The increased overbank flow and high groundwater levels associated with bed 
aggradation during irrigation flow limited alfalfa growth in some patches on the floodplain. 
These areas were the locus for overbank erosion and cutoff as each of the three downstream 
bends cut off over 25 hours. After the cutoff of Bend 2 at 87 hours, the channel steepened and 
the width and depth increased. Bank erosion rates increased and sediment transport increased at 
the flume outlet following the final cutoff at the distal end of the flume. In response to the high 
transport rates and rapidly adjusting channel, island bars developed as fine sediment deposition 
in the chute channel was limited. The slopes were particularly steep at the downstream end of the 
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flume, (which was much steeper than the upstream end) and may have limited fine deposition in 
chute channels.  

5.4 Discussion+

5.4.1 Comparison+with+2009+experiment+
Our experimental methods differed from the 2009 experiment in the inlet condition, 

sediment feed, alfalfa density, the intitial channel morphology, and flood hydrograph over the 
first 71 hours of the 2009 experiment (Table 5.1). In the 2009 experiment, bends developed from 
upstream to downstream, while bends developed simultaneously throughout the flume in 2012. 
This was likely because of the initial channel configuration, which was straight with the 
exception of a small bend at the upstream end of the flume in the 2009 experiment, versus a 
slightly sinuous channel in 2012 with small curvature perturbations throughout the length of the 
flume (Figure 5.1). Alternatively, it may have been a consequence of the steeper regions at the 
bottom of the flume. The 2012 experiments consequently developed a meandering planform 
much faster than the 2009 experiment. The sinuosity was 1.2 after 20 hours in the 2012 
experiment versus 100 hours in the 2009 experiment. The faster development of sinuosity is 
particularly valuable in experiments with alfalfa, where experiments are slowed by the need 
periodically turn the flume off for a week so that alfalfa can be replanted. In both experiments, 
the upstream bend elongated through time as the upstream boundary condition moved 
downstream.  

The three main differences between the 2009 and 2012 experiments—the increased 
alfalfa density in 2012–the higher sediment supply in 2012, and the difference in slope at the 
downstream end of the basin resulted in a channel that was deeper (2.8 cm versus 1.2 cm for the 
2009 experiment) and narrower (30 cm versus 41 cm)  (Table 5.3). The channel was also more 
sinuous, with the mean sinuosity in 2012 (1.3) exceeding the maximum sinuosity in the 2009 
experiment (1.2). The smaller chutes in 2012 allowed the higher sinuosities to develop before 
chute cutoffs occurred, and cutoffs in the 2012 experiment mostly occurred when aggradation-
induced ponding limited alfalfa growth on the floodplain. The alfalfa in 2012 was 3 times denser 
than 2009 but the average erosion rate in the 2012 experiment were very similar (1.5 cm/hr and 
1.4-1.6 cm/hr, respectively) (Table 5.3). Because the 2012 experiments were narrower, the 
migration rate per unit channel width was higher in the 2012 experiments (0.048 widths/hr 
versus 0.032-0.039 widths/hr for the 2012 and 2009 experiment, respectively) (Table 5.3). 

Because the coarse feed was turned off periodically in the 2009 experiment, aggradation 
at the upstream end of the flume was limited. For the 2012 experiment the sediment supply was 
held constant leading to aggradation in Bends 1-3. The supply was only constant in the upper 
portion of the flume. Upstream aggradation implies that the supply was diminished downstream. 
Downstream, where bank erosion was more variable, local supply varied substantially. Because 
the discharge was held constant, it was the bed aggradation that led to ponding on the floodplain, 
overbank flows and eventual chute cutoff.  
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5.4.2 Revised+time+scaling+and+comparison+of+migration+rates+
The average migration rate over the entire experiment was 0.048 channel widths/hr 

(0.015 m/hr). To compare this migration rate with field migration rates requires scaling both 
length and time between the flume and the field. The length scaling factor, λ, is equal to: 

!!"#$% = !"!"#$%        (5.3) 

where Xfield and Xflume are length in the field and flume, respectively, and X can represent any 
length scale such as channel width, channel depth, and grain diameter [Yalin, 1971; Parker et al., 
2003]. Comparing the inner-quartile range of width, depth, and D50 from the field (From Chapter 
2 and Appendix B–Table  B1) with the average values in the 2012 experiment (Table 5.4) gives 
λ between 0.01-0.04 depending on the parameter of interest (Table 5.4).  

Unlike length scales, time can be scaled in a variety of ways that provide very different 
results [Yalin, 1971; Peakall et al., 1996]. A further complication arises because experimental 
time is calculated for continuous bankfull flood and processes such as bank erosion are often 
measured in years where there are long periods when river discharge causes little to no bank 
erosion and sediment transport is minimal. Following Parker et al. [2003], we can account for the 
periods when erosion and sediment transport are minimal by including the intermittency of 
effective flows (I). Using Froude similarity [Yalin, 1971; Peakall et al., 1996, Parker et al., 
2003], Braudrick et al. [2009] (Chapter 2) converted their experimental time to the equivalent 
time in the field using: 

!!"#$% =
!!"#$%

!!         (5.4) 

where tfield and tflume are the scaled time for the field and flume, respectively. Following 
Braudrick et al. [2009] we use an intermittency of 0.022 assuming bankfull flow occurs 8 days/yr 
using data from the Rocky Mountains [Dunne and Leopold, 1979; Andrews and Nankervis, 
1995]. Using Froude scaling, the 120-hour 2012 experiment corresponds to 3.1-6.2 years of 
channel evolution in the field. The bank erosion rate would therefore correspond to 0.59-0.93 
channel widths/year, at least 6 times faster than observed in Appendix B–Table B1 (Figure 5.17). 
Braudrick et al. [2009] also found that Froude scaling yielded very fast migration rates relative to 
the field (see Chapter 2). Given their similar migration rates, it is not surprising that this scaling 
approach also yields fast migration rates for the 2012 experiments relative to the gravel meanders 
in Appendix B–Table B1. An alternative approach is to assume sediment transport similarity 
(that is the dimensionless sediment transport is similar in the flume and field). Combining the 
dimensional analysis of sediment transport time scaling from Yalin [1971] with an intermittency 
yields:   

!!"#$% =
!!"#$%
!!.!!          (5.5) 

Using sediment transport scaling is appropriate if migration is limited by the rate of removal of 
sediment from the toe of the bank, which must be a function of bedload transport. Using the 
same scaling factor (0.01 to 0.04) and intermittency as above, the 120-hour experiment 
represents 78-620 years. Our average migration rate of 0.048 widths/hr in the 2012 experiment 
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would therefore be equivalent to 0.0023-0.0092 widths/yr in the field using sediment transport 
similarity, this is at the low end of migration rates of gravel-bed meanders in Appendix B–Table 
B1 (Figure 5.17).  

5.4.3 Controls+on+the+change+in+the+pattern+of+migration+
Once the bends lengthened in the 2012 experiment, the pattern of channel migration 

changed from erosion over the majority of the bend length to erosion focused near the bend apex, 
creating downstream skewed meanders. In the 2009 experiment, such bends did not develop, 
perhaps due to the larger chutes that capture flow and led to bend cutoff at a lower sinuosity. 
Downstream-skewed bends are commonly observed in the field [e.g., Brice, 1974; Tanaka et al., 
2011] and theory suggests that they occur when the width depth ratio exceeds a critical value 
determined by the Shields stress and bend wavelength [Zolezzi and Seminara, 2001; Zolezzi et 
al., 2009]. The critical width-depth ratio decreases for decreases in Shields stresses and increases 
in bend wavelength. By decreasing the water surface slope and hence Shields stress (assuming 
grain size and depth change less than slope) migration can adjust the critical width-depth ratio at 
which skewness develops, potentially leading to skewed bends. The conditions that support 
downstream-skewed bends commonly occur in gravel bed meanders in the field [Zolezzi et al., 
2009]. 

5.4.4 Comparison+with+field+channels+
The meandering channel created in this experiment was dynamic and showed several 

features common to meanders in the field. The width to depth ratio was relatively low end 
compared to field observations from Chapter 3 (10 versus a median value of 22 for gravel 
meanders as a whole). Sediment was sorted with coarse sediment on the point bar deposited 
upstream of the bend apex and fines deposited downstream, similar to observations in the field 
[e.g., Bluck, 1971; Jackson III, 1977; Dietrich and Smith, 1984; Clayton and Pitlick, 2010]. 
Clusters of cutoffs following migration have been observed in the field [e.g., Hooke, 2004]. A 
temporal variation in sinuosity seems likely given our limited number of bends and their 
influence on one another.  

One obvious difference between these experiments and rivers in the field is the lack of a 
flood hydrograph. This discharge was held constant at a value that, at least initially, just filled the 
channel bank, affirming the finding of Braudrick et al. [2009] that variable flood flows are not 
required for meandering. The effects of infrequent overbank flows relative to bankfull flows on 
channel planform are an area of uncertainty. In some channels with large floodplains, infrequent 
high flows may not increase sediment transport rates relative to bankfull conditions due to 
increased backwater effects from the floodplain [e.g., McKean and Tonina, 2013]. While other 
studies have observed large increases in bank erosion rates following high flows [e.g., Pizzuto, 
1994]. Chute cutoffs are often associated with high floods rather than lower bankfull events [e.g., 
Gay et al., 2001; Constantine et al., 2010; Micheli and Larsen, 2010; Zinger et al., 2011] because 
they require erosion of floodplain surfaces that may be vegetated.  

The absence of overbank flows in my experiments may therefore have reduced the 
migration rate and the frequency of cutoffs. Cutoffs in the 2012 experiments resulted from in-
channel aggradation which reduced alfalfa coverage on the floodplain. Subsequent overbank 
flows could then more easily erode the floodplain because aggradation increased the discharge 
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on the floodplain relative to the channel, and also decreased the extent of erosion-resistant 
patches of vegetation. To our knowledge, a similar linkage between aggradation, vegetation 
growth, and cutoffs has not been observed in the field, and is at least partially an artifact of our 
experiments.  

Similar to the 2009 experiment, cutoffs occurred through chute channels, but here 
channels were less extensive, and required more floodplain erosion for the channel to cut off. A 
variable flood discharge would likely have increased the frequency of cutoffs, steepening the 
channel and limiting in-channel aggradation. In channels with variable hydrographs, the 
decreased water surface slope associated with migration would periodically be counterbalanced 
by chute cutoffs occurring during high flows. The role of hydrographs could be explored in 
future studies using the same input conditions and alfalfa density, but incorporating overbank 
discharge. Despite these differences, this experiment behaved remarkably similar to channels in 
the field, and allow direct observation and measurements of changes to meander morphology 
through time.  

5.5 Conclusions+

Using experimental conditions similar to that described in Chapter 2 (and reported in 
Braudrick et al. [2009]), we were able to recreate a meandering channel in the laboratory using 
alfalfa to provide strength, and fine sediment to partially plug and infill chutes. This experiment 
had constant discharge and sediment supply at the upstream end of the flume, but the initial basin 
sediment surface steepened at two successive reaches downslope. The resulting water surface 
slope, width, depth, and migration rate varied significantly.  

At the beginning of the experiment, the channel increased its sinuosity as it migrated and 
decreased sinuosity following cutoffs. As the channel migrated and the sinuosity increased, 
leading to a decline in the water surface slope. After 35-50 hours, the migration pattern of the 
bends changed from eroding the majority of their banks, to focused erosion downstream of the 
bend apex, creating locally distorted bends pointing sharply downstream. These bends lead to 
further decreases in slope, causing aggradation upstream of the bend apex as bank erosion 
decreased and could no longer accommodate the supply.  

The aggradation eventually lead to cutoffs when in-stream aggradation increased the 
proportion of flow on the floodplain, and limited alfalfa growth by locally ponding water above 
the floodplain surface, decreasing alfalfa density and creating a weak location on the floodplain. 
If the experiment had variable flood flows, cutoffs may have occurred in the absence of 
aggradation, but given the strong bank strength. The zones of weak alfalfa growth were the locus 
for channelized floodplain flow, which eventually enlarged and connected to downstream 
chutes. Following the cutoffs the water surface slope increased causing both the sediment flux 
and bank erosion to increase.  

The migration rate was very similar between these experiments and 2009 experiment in 
the same basin, despite the alfalfa density being 3 times lower in the previous experiment. The 
main effect of the denser alfalfa (and constant supply) in the current experiment is that the 
channel width was 25% narrower, and suppression of chutes and strengthening of the floodplain 
limited chute cutoffs, allowing the sinuosity to increase. The bends in the 2012 experiments 
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were skewed downstream, which was not observed in the 2009 experiments. Small-amplitude 
bends along the initial channel length led to more rapid bend development than the 2009 
experiment, which had an initially straight channel.  

Assuming that the dimensionless sediment transport rate was constant between the flume 
and field, and a scaling factor of 0.01-0.04 this experiment had an average migration rate of 
0.0028-0.009 widths/yr, which is on the low end of the range of field observations. Our 
observations of decreased slope leading to a change in migration pattern support theory on the 
origins of bend skewness. 

 

 +
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5.6 Tables+

Table 5.1. Comparison of the 2012 experimental methods with the 2009 experiment [Chapter 2] 

 2012 experiment 2009 experiment 
(Chapter 2) 

Bankfull discharge 1.8 l/s 1.8 l/s 
High flow discharge N/A 2.7 l/s, but up to 4.4 l/s 
Average initial width 29 cm 40 cm 
Average initial depth 2.7 cm 1.9 cm 
Coarse sediment feed rate 1.4 kg/hr (constant) 0.75 kg/hr (variable) 
Fine sediment feed rate 5 kg/hr 3.4 kg/hr 
Coarse sediment feed D50 0.75 mm 0.78 mm 
Fine sediment feed D50 0.35 mm 0.35 mm 

Fine sediment specific gravity 1.36 1.5 (0-71 hours) 
1.3 (71-136 hours) 

 
 
 

Table 5.2. Channel cutoffs during the 2012 experiment. 

Time 
(hrs) Bend Post-cutoff 

length (m) 
Pre-cutoff 
length (m) 

Length 
ratio 

12.5 5 N/A N/A N/A 
31 4 0.6 1.7 0.3 
77 3 1.6 5.6 0.3 
87 2 4.8 8.9 0.5 
102 4 1.7 5.4 0.3 
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Table 5.3. Comparison of the 2012 experimental results with the 2009 experiment [Braudrick et 
al., 2009, Chapter 2]. The steady hydrograph in the 2009 experiment represents data from the 
final 65 hours when the hydrograph was a bankfull discharge of 1.8 l/s, the same as the 2012 
experiments. 

 2012 experiment 2009 experiment 
(Chapter 2) 

Average width (cm) 30 41 
Average depth (cm) 2.8 1.2 
Water surface slope 
(minimum and maximum) 

0.0055 
(0.0046-0.0064) 

0.0047 
(0.0042-0.0055) 

Sinuosity 
(minimum and maximum) 

1.3 
(1.1-1.6) 

1.1 
(1.0-1.2) 

Migration rate (cm/hr) 1.5 (erosion) 
1.5 (deposition) 

1.6 (entire experiment) 
1.4 (steady hydrograph) 

Migration rate (widths/hr) 0.048 (erosion) 
0.049 (deposition) 

0.039 (entire experiment) 
0.032 (steady hydrograph) 

 
  
Table 5.4. Comparison of average conditions in the 2012 experiment with the inner quartile 
range of gravel meanders in the field from Appendix B–Table B1. 

 2012 experiment Field inner 
quartile range λ  

Bankfull discharge 
(m3/s) 1.8 X 10-3 22.7-340  N/A-time 

Slope 0.0055 0.00095-0.0036 N/A-dimensionless 
Average initial width 
(m) 0.3 15-60 0.01-0.02 

Average initial depth 0.027 0.8-2.4 0.01-0.04 
Coarse sediment feed 
D50 (mm) 0.75 mm 18-53 mm 0.01-0.04 
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5.7 Figures+

 
 
Figure 5.1. Initial channel morphology for the 2012 and 2009 experiments. A. Bed topography at 
0 hours for the 2012 experiment. B. Overhead image at 0 hours for the 2012 experiment. C. 
Overhead image at 0 hours for the 2009 experiment.
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Figure 5.2. Mean basin slope at 0 hours, showing the steepening of the slope downstream. The 
blue and red lines are the linear best fit to the bed slope in the middle and lower sections of the 
flume. From the downstream end of the fixed wall inlet section to 10.5 m the slope is 0.0054 and 
from 10.5 m-15.9 m, the mean basin slope 0.0075.  
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Figure 5.3. Grain size distribution of the coarse sediment feed. The coarse sediment that filled 
the basin had a similar distribution. 
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Figure 5.4. Overhead images of experiment through time. The plastic sediment is white and the 
floodplain and fed sediment are brown. The green is alfalfa. The bend names at 39 hours are 
shown along the centerline in the bottom panel.   
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Figure 5.5. Topographic maps of the channel through time. Bend numbers discussed in the text 
are labeled at 25 hours. The bend names at 39 hours are shown along the centerline in the bottom 
panel. Enlarged versions of these maps for every survey are given in Appendix D. 
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Figure 5.6. Channel centerline locations through time for all 18 topographic surveys.   
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Figure 5.7. Comparison of  the 2012 and 2009 experiments. The bends numbers are shown in 
panel A. In the 2012 experiment, all sand (the coarse feed and floodplain material is brown, 
while the plastic sediment is white. In 2009, the colors of the floodplain and plastic are the same, 
but the fed sand was painted blue. Chutes are denoted with a C in both images.  
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Figure 5.8. Rapid deposition of fine sediment downstream of the bend apex as the downstream 
limb of the bend. Point A (19 hours) shows a densely vegetated patch limiting downstream 
migration of the bend. Point B (21 hours) shows the rapid deposition of fine sediment in just 2 
hours. Dune fronts show former channel location. Point C (24 hours) shows the rapid deposition 
of coarse sediment on the next point bar downstream. The rapid downstream migration formed a 
chute on the inside of the bend. 
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Figure 5.9. Reach-Average hydraulic characteristics from 6-15.9 m. Slope is the water surface 
slope and B/H is the width depth ratio.  
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Figure 5.10. Evolution of channel from 8-15 at 52-77.5 hrs. Aggradation occurred at 52 and 68.5 
hours, leading to the cutoff at 77.5 hrs. Panel C shows the development of a second point bar at 
the upstream end of Bend 2 (labeled PB2). 
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Figure 5.11. Submerged sediment flux measured at the flume outlet. The raw sediment flux data 
are filtered twice with a 15-minute running average filter.  



 
123 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12. The density of sediment measured at the flume outlet (ρs) (left axis, blue) and the 
fraction of the flux at the outlet that is lightweight plastic (Fp) (right axis, red). The combined 
density of the feed is 1640 kg/m3, and Fp of the feed is 0.78.  
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Figure 5.13 Water surface profiles through time. The steps in the profile are often associated 
with overbank flows.   
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Figure 5.14. Water surface slope and sinuosity of Bends 1-4 through time. The location of the 
bends at 39 hours is shown in the inset figure. Missing data for Bend 3 reflects the period when it 
was cutoff.   
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Figure 5.15. Mean width for each bend through time. The location of the bends at 39 hours is 
shown in the bottom panel.   
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Figure 5.16. Average migration rate and through time downstream of x =6 m. Erosion and 
deposition rates are shown separately because the width changed through time. Migration rates 
are not included during surveys that include cutoffs. 
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Figure 5.17. Comparison of migration rates for gravel-bed meanders with scaled migration rates 
from the experiment. The black line is the cumulative distribution function of channel migration 
rates in gravel-bed meanders from the database in Appendix B–Table B1. The shaded orange 
area shows the mean migration rate scaled to the field using Froude similarity (Equation 5.4) and 
the shaded green area shows mean migration rate scaled to the field using sediment transport 
similarity (Equation 5.5) 
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Appendix(A)Supplemental(Video(1(

Supplemental Video 1. The video consists of overhead photographs of the flume every 30 
minutes and the experimental hydrograph. On the overhead photographs, Flow is from left to 
right and the entire flume width is shown. The brown sediment is sorted coarse sediment that 
made up the bed and floodplain prior to the experiments, the white sediment is fine sediment, 
and the blue sediment is identical to the brown, but fed from the upstream end of the flume. 
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Appendix(B)Morphologic(river(data(used(in(Chapter(3(

 
This appendix contains tables of the data used in Chapter 3.  
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Table B2a. , location, data sources, and planform characteristics of sand meanders used in 
Chapter 3. Sources are listed at the end of the table. 

Source River 

Latitude 
(dd) 

Longitude 
(dd) 

Elevation 
(m) Islandsa Cutoffsb 

Land 
Use 

Codec 

Vegetation 
Coded 

1 Strickland  -7.28 141.7 39 2 1 4 4 
2 Genesee 42.78 -77.83 208 0 1 1 3 

3 
Little 
Tallahatchie 34.4 -89.85 61 0 1 1 2 

4 South Esk 56.79 -3.03 217 0 0 1 4 
5 Muddy 42.65 -109.55 2168 0 1 4 2 
6 Lower Teshio  44.94 141.88 3 0 1 1 2 
7 Assiniboine 49.97 -98.17 251 0 1 1 2 
7 Athabasca 58.33 -111.65 215 1 1 3 4 
7 Beaver 54.35 -110.22 497 0 1 3 4 
7 Colorado 29.6 -96.45 44 0 1 1 2 
7 Fly -6.32 141.07 19 0 1 3 4 
7 Gels Aa 55.32 8.9 6 0 1 1 1 
7 Humboldt 40.8 -118.03 1282 1 1 4 1 
7 Ica  -2.9 -69.65 58 1 1 3 4 
7 Juru (1) -6.75 -69.92 117 0 1 3 4 
7 Juru (2) -6.52 -68.32 92 0 1 3 4 
7 Kanaranzi  43.52 -96.07 426 0 1 1 1 
7 Lachlan  -33.82 148.63 286 0 1 1 2 
7 Lesser Slave 55.3 -114.75 577 0 1 1 3 
7 Mamore  -11.68 -65.08 127 1 1 3 4 
7 Milk 48.98 -110.47 820 1 1 3 2 
7 Minnesota (1) 44.2 -94.23 234 0 1 1 4 
7 Minnesota (2) 44.63 -93.78 212 0 1 1 4 

7 
Murrumbidgee 
(1) -35.1 147.32 182 0 1 1 2 

7 
Murrumbidgee 
(2) -34.73 146.5 149 0 1 1 3 

7 
Murrumbidgee 
(3) -34.63 146.12 132 0 1 1 3 

7 Okavango (1) -18.4 21.88 995 0 1 3 3 
7 Okavango (2) -18.43 22.02 991 0 1 4 2 
7 Okavango (3) -18.8 22.27 985 0 1 4 3 
7 Okavango (4) -18.85 22.42 983 0 1 4 3 
7 Pembina (1) 53.13 -115.3 848 0 1 1 2 
7 Pembina (2) 54.45 -113.98 603 0 1 1 2 
7 Purus (1) -8.33 -67.33 90 0 1 3 4 
7 Purus (2) -8.65 -67.37 104 0 1 3 4 
7 Purus (3) -7.23 -64.8 51 0 1 3 4 
7 Root  43.77 -91.65 210 0 1 1 3 
7 Sinu  9.08 -75.83 8 0 0 1 2 
7 Smoky Hill 38.88 -97.25 342 0 1 1 2 
7 Sutlej 30.75 74.23 182 0 1 1 1 
7 Swan  55.32 -115.4 590 0 1 1 3 
7 Vermilion 53.37 -111.17 585 0 1 1 4 
7 West Prairie  55.43 -116.5 599 0 1 1 2 
7 Zumbro  44.32 -92.05 207 0 1 1 3 
8 Po 45.14 9.97 29 1 1 1 2 
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Source River 

Latitude 
(dd) 

Longitude 
(dd) 

Elevation 
(m) Islandsa Cutoffsb 

Land 
Use 

Codec 

Vegetation 
Coded 

9 Desna 51.29 31.1 108 0 1 1 3 
9 Snov 52.59 31.62 109 0 1 1 2 

10 Trinity 30.12 -94.81 9 0 1 3 4 
11 Klip River  -27.65 29.58 1702 0 1 1 2 
12 Barwon - - - - - - - 
12 Big  - - - - - - - 

12 
Black 
Vermillion  - - - - - - - 

12 Coleto  - - - - - - - 
12 East Prairie  - - - - - - - 
12 Guadelupe  - - - - - - - 
12 Little Blue  - - - - - - - 
12 Makarewa  - - - - - - - 

12 
Marais des 
Cignes - - - - - - - 

12 Medicine  - - - - - - - 
12 Mill  - - - - - - - 

12 
Mississippi  
(1) - - - - - - - 

12 Mississippi (2) 36.53 -89.56 83 1 1 1 2 

12 
N. Fork 
Solomon (1) - - - - - - - 

12 
N. Fork 
Solomon (2) - - - - - - - 

12 Potawatomie  - - - - - - - 
12 Prairie Dog  - - - - - - - 
12 Republican  - - - - - - - 

12 
S. Fork 
Solomon  - - - - - - - 

12 Saline  - - - - - - - 
12 Salt  - - - - - - - 
12 San Antonio  - - - - - - - 
12 Smoky Hill  - - - - - - - 
12 Solomon  - - - - - - - 
12 Stranger - - - - - - - 
12 Turkey  - - - - - - - 

Notes: 
a. Islands: 0=no islands, 1=unvegetated islands, 2=vegetated islands, 3=vegetated and 

unvegetated islands. 
b. Cutoffs: 0=no cutoff scars, 1=cutoff scars visible 
c. Land Use Code: 1=Agricultural, 2=Urban/Industrial, 3=Forested, 4=Rangelands 
d. Vegetation Code: 1=Grass/shrubs, 2=Predominantly Grass/shrubs with trees, 

3=Predominantly trees with grass/shrubs, 4=Forested 
 
Sources: 1. Aalto et al. [2008], Swanson et al. [2008], Parker et al. [2008]; 2. Beck et al. [1984]; 
3. Biedenharn [1984]; 4. Bridge and Jarvis [1976]; 5. Dietrich and Smith [1983]; 6. Iseya and 
Ikeda [1989]; 7. Kleinhans and van den Berg [2010]; 8. Montefusco and Taconi [1984]; 9. 
Rosovski [1959]; 10. Smith [2012]; 11. Tooth et al. [2012]; 12. van den Berg [1995]. 
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Table B2b. Hydraulic characteristics of sand meanders in Chapter 3. 

River 

Bankfull 
Discharge 

(m3/s) 

Bankfull 
Width 

(m) 

Bankfull 
Depth 

(m) 
D50 (m) Channel 

Slope 
Valley 
Slope Sinuosity 

Width 
Depth 
Ratio 

Strickland  5700 350 - 0.00022 0.0001 0.00025 2 - 
Genesee - 74 3.8 - 0.000201 - - 19.5 
Little 
Tallahatchie - - - - 0.00025 - - - 

South Esk 22 - - - - - - - 
Muddy - - - 0 - - - - 
Lower Teshio  1500 125 6.5 0.0012 0.00025 - - 19.2 
Assiniboine 626 150 4.2 0.0004 0.00025 0.0005 2 35.7 
Athabasca 2605.4 442 5.3 0.00019 0.000089 0.00012 1.4 83.4 
Beaver 141.6 54 2.9 0.00056 0.000205 0.00027 1.3 18.7 
Colorado 4250 - - 0.001 0.000194 0.00032 1.7 - 
Fly 3018 - - 0.0002 0.000065 0.00011 1.7 - 
Gels Aa 10 15 1.5 0.00051 0.0005 0.00088 1.8 10 
Humboldt 109 15 3.86 0.0007 0.000372 0.00054 1.5 3.9 
Ica  10213 - - 0.0003 0.000082 0.00015 1.8 - 
Juru (1) 3000 - - 0.0003 0.000072 0.00017 2.3 - 
Juru (2) 7700 - - 0.0003 0.00008 0.00018 2.3 - 
Kanaranzi  23.4 8 1.4 0.00045 0.000711 0.0014 2 5.4 
Lachlan  620 - - 0.0007 0.000382 0.0006 1.6 - 
Lesser Slave 107.3 59 2.6 0.0002 0.00011 0.00022 2 22.8 
Mamore  14700 - - 0.0003 0.00009 0.00013 1.5 - 
Milk 150 47 - 0.00023 0.0005 0.0011 2.3 - 
Minnesota (1) 313.9 43 4.69 0.0005 0.000242 0.00047 1.9 9.1 
Minnesota (2) 427 88 4.5 0.0005 0.000102 0.0002 2 19.6 
Murrumbidgee 
(1) 708 - - 0.0004 0.00017 0.00039 2.3 - 

Murrumbidgee 
(2) 566 - - 0.0009 0.000212 0.00036 1.7 - 

Murrumbidgee 
(3) 311 - - 0.00071 0.000132 0.00025 1.9 - 

Okavango (1) 163.1 85 2.79 0.0003 0.000107 0.00018 1.7 30.5 
Okavango (2) 90.3 53 2.8 0.0003 0.000079 0.00018 2.3 18.9 
Okavango (3) 91.7 51 3.21 0.0003 0.000091 0.00018 2 15.9 
Okavango (4) 97.4 49 3.98 0.0003 0.000102 0.00018 1.8 12.3 
Pembina (1) 566 79 4.1 0.00027 0.000329 0.00056 1.7 19.3 
Pembina (2) 608.9 95 5 0.00032 0.00011 0.00022 2 19 
Purus (1) 16711 - - 0.0003 0.000032 0.00005 1.6 - 
Purus (2) 6000 - - 0.0003 0.000093 0.00016 1.7 - 
Purus (3) 10550 - - 0.0003 0.000065 0.00014 2.1 - 
Root  - 34 2.9 0.00045 0.000611 0.00088 1.4 11.6 
Sinu  1200 140 5 0.0004 0.0002 0.0003 1.5 28 
Smoky Hill - - - 0.00046 0.000361 0.00065 1.8 - 
Sutlej 2100 - - 0.00023 0.0002 0.00028 1.4 - 
Swan  149 42 3.78 0.00029 0.000318 0.00054 1.7 11.1 
Vermilion 7.9 19 1.1 0.00026 0.000359 0.00079 2.2 16.9 
West Prairie  164 31 3.3 0.00043 0.000689 0.0012 1.8 9.4 
Zumbro  - 49 3.11 0.0008 0.000532 0.00099 1.9 15.7 
Po - - - 0.00055 0.0021 - - - 
Desna - 130 3.2 - 0.000027 0.000050 1.84 40.625 
Snov - 25 0.5 - 0.000382 0.00061 1.6 50 
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River 

Bankfull 
Discharge 

(m3/s) 

Bankfull 
Width 

(m) 

Bankfull 
Depth 

(m) 
D50 (m) Channel 

Slope 
Valley 
Slope Sinuosity 

Width 
Depth 
Ratio 

Trinity - - - - - - - - 
Klip River  - - - 0.0014 0.001 0.0016 1.6 - 
Barwon 210 40 5 0.00015 0.000022 0.00005 2.3 8 
Big  - - - 0.00081 0.000812 0.0020 2.5 - 
Black 
Vermillion  - - - 0.0004 0.00049 0.00098 2 - 

Coleto  - 122 7.6 0.0003 0.000737 0.00101 1.4 16.1 
East Prairie  396.5 39 7.2 0.00033 0.0005 0.0007 1.4 5.4 
Guadelupe  - 57 7 0.00045 0.00033 0.00074 2.2 8.1 
Little Blue  - - - 0.00077 0.000521 0.00073 1.4 - 
Makarewa  129 29 2.47 0.001 0.000898 0.0017 1.9 11.6 
Marais des 
Cignes - - - 0.00023 0.000389 0.0007 1.8 - 

Medicine  130.3 47 3.2 0.00031 0.00051 0.00071 1.4 14.6 
Mill  - - - 0.00043 0.00062 0.0019 3 - 
Mississippi  
(1) 28000 1975 10.6 0.00035 0.000045 0.00011 2.3 186.3 

Mississippi (2) 28320 - - 0.00037 0.000093 0.00013 1.4 - 
N. Fork 
Solomon (1) - - - 0.00075 0.000538 0.00086 1.6 - 

N. Fork 
Solomon (2) - - - 0.00046 0.001306 0.0021 1.6 - 

Potawatomie  - - - 0.00119 0.0002 0.00034 1.7 - 
Prairie Dog  - - - 0.00169 0.000638 0.00102 1.6 - 
Republican  - - - 0.00047 0.000662 0.00086 1.3 - 
S. Fork 
Solomon  - - - 0.00115 0.001 0.0014 1.4 - 

Saline  - - - 0.0007 0.000581 0.00093 1.6 - 
Salt  - - - 0.00026 0.00038 0.00076 2 - 
San Antonio  - - - 0.00013 0.000191 0.00033 1.7 - 
Smoky Hill  - - - 0.00035 0.00021 0.00042 2 - 
Solomon  - - - 0.00064 0.000171 0.00048 2.8 - 
Stranger - - - 0.00017 0.000178 0.00032 1.8 - 
Turkey  - 9 1.83 0.00046 0.000729 0.0010 1.4 5 
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Table B3a. Location, data sources, and floodplain characteristics of gravel braided rivers 
in Chapter 3. Sources are listed at the end of the table. 

Source River Location 
Latitude 

(dd) 
Longitude 

(dd) 
Elevation 

(m) 
Land Use 

Codec 
Vegetation 

Coded 

1 Ahuriri 
at South Diadem, S. 
Island, New Zealand -44.50 169.77 553 4 1 

1 Athabasca 
at Jasper, AB, 
Canada 52.87 -118.07 1041 3 4 

1 Elbow  
at Fullertons Ranch, 
AB, Canada  50.92 -114.62 1340 3 4 

1 Haast 
at Roaring Billy, S. 
Island, New Zealand -43.95 169.35 52 3 3 

1 Hokitika (1) 
at Colliers Creek, S. 
Island, New Zealand -42.98 171.00 71 4 4 

1 Hokitika (2) 
at Kaniere Br, S. 
Island, New Zealand -42.75 171.00 12 1 1 

1 Hooker 

at Ball Hut riv. 
bridge, S. Island, 
New Zealand 

-43.75 170.13 624 4 2 

1 Ngaruroro 
near Whanawhana, 
N Island NZ -39.57 176.50 129 1 2 

1 Opihi  
at Rockwood, S. 
Island, New Zealand  -44.17 170.97 146 1 2 

1 Rakaia  
in the gorge, S. 
Island, New Zealand  -43.55 171.72 236 1 2 

1 Wairau  
at Hells Gate, S. 
Island, New Zealand  -42.03 172.90 807 3 3 

1 Wairoa  
at Tuamarina, S. 
Island, New Zealand  -41.43 173.92 1 1 2 

1 West Banas 
near Abu Road, 
Gujarat, India 24.47 72.75 239 1 2 

1 Yukon 
above White River, 
YT, Canada 63.12 -139.50 356 3 4 

2 Allt Dubhaig Reach B 56.84 -4.24 569 4 1 
2 Banas  - - - - - - 
2 Grey - - - - - - 
2 Orari  - - - - - - 
2 Otekaieke  - - - - - - 
2 Hakataramea  - - - - - - 
2 Hurunui  - - - - - - 
2 Inangahua  - - - - - - 
2 Kootenay - - - - - - 
2 Lleddam  - - - - - - 
2 Maerewhemta  - - - - - - 
2 Ohau  - - - - - - 
2 Opuha - - - - - - 
2 Otematata  - - - - - - 
2 Pipestone  - - - - - - 
2 Rangitata  - - - - - - 
2 S. Ashburton  - - - - - - 
2 Squamish  - - - - - - 
2 Waiau-Uha  - - - - - - 
2 Yashwantgur  - - - - - - 

Sources: 1. Kleinhans and van den Berg [2010]; 2. van den Berg [1995] 
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Table B3b. Hydraulic characteristics of gravel braided rivers in Chapter 3 
 

River 

Bankfull 
Discharge 

(m3/s) 

Bankfull 
Width 

(m) 

Bankfull 
Depth 

(m) 
D50 (m) Channel 

Slope 
Valley 
Slope Sinuosity 

Width 
Depth 
Ratio 

Ahuriri 228 252 0.49 0.027 - 0.009 - 514 
Athabasca 878 146 2.26 0.060 0.00590 0.00649 1.1 65 
Elbow  - - - 0.041 0.00720 0.00792 1.1 - 
Haast 2576 910 1.57 0.040 - 0.0016 - 580 
Hokitika (1) 975 541 0.84 0.077 0.00590 0.00608 1.03 644 
Hokitika (2) 740 314 1.49 0.021 0.00177 0.002 1.13 211 
Hooker 1112 270 1.13 0.067 0.01820 0.01947 1.07 239 
Ngaruroro - - - 0.055 0.00400 0.0042 1.05 - 
Opihi  214 140 0.87 0.033 0.00610 0.00634 1.04 161 
Rakaia  1813 1753 0.84 0.025 0.00404 0.00404 1 2087 
Wairau  248 229 0.64 0.031 0.01060 0.01092 1.03 358 
Wairoa  1536 1137 0.97 0.055 - 0.0032 - 1172 
West Banas 2407 - - 0.005 0.00217 0.0023 1.06 - 
Yukon 6478 582 4.55 0.036 0.00040 0.00044 1.1 128 
Allt Dubhaig 6 - - 0.046 0.01500 0.018 1.2 - 
Banas  2407 - - 0.005 - 0.0023 - - 
Grey 486 124 1.86 0.070 0.00310 0.00341 1.1 67 
Orari  175 255 0.52 0.024 0.00830 0.0083 1 490 
Otekaieke  93 162 0.42 0.016 0.01000 0.0102 1.02 386 
Hakataramea  377 390 0.67 0.030 0.00570 0.00593 1.04 582 
Hurunui  381 316 0.74 0.035 0.00630 0.0068 1.08 427 
Inangahua  347 324 0.80 0.087 0.00470 0.00503 1.07 405 
Kootenay - 104 1.87 0.088 - 0.00231 - 56 
Lleddam  562 73 2.53 0.080 0.00730 0.00767 1.05 29 
Maerewhemta  271 94 1.17 0.031 0.00791 0.00854 1.08 80 
Ohau  189 109 0.84 0.045 0.00650 0.00696 1.07 130 
Opuha 197 171 0.63 0.031 0.01000 0.0104 1.04 271 
Otematata  385 244 0.72 0.034 0.01200 0.01308 1.09 339 
Pipestone  52 35 0.76 0.145 0.01500 0.0165 1.1 46 
Rangitata  1372 125 2.96 0.069 0.00520 0.00749 1.44 42 
S. Ashburton  347 137 1.12 0.037 0.01160 0.01322 1.14 122 
Squamish  500 - - 0.095 0.00576 0.0069 1.197 - 
Waiau-Uha  1149 1156 0.78 0.036 0.00458 0.0049 1.07 1482 
Yashwantgur  283 - - 0.002 - 0.0045 - - 
 
 
 !
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Appendix!C*Enlarged!Depth!and!Facies!Maps!for!Chapter!4!

This Appendix contains enlarged depth and facies maps from the experiments in Chapter 4.  
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Figure C1. Flow depth  at -27.5 hours. 
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Figure C2. Flow depth  at -19.5 hours 
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Figure C3. Flow depth  at -9 hours. 



 171 

 
 
 
 
 
Figure C4. Flow depth  at 0 hours 
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Figure C5. Flow depth  at 12 hours 
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Figure C6. Flow depth  at 20 hours 
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Figure C7. Flow depth  at 29 hours 
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Figure C8. Flow depth  at 38 hours 
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Figure C9. Flow depth  at 48 hours 
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Figure C10. Flow depth  at 55 hours 
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Figure C11 Flow depth  at 64 hours 
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Figure C12. Flow depth  at 71 hours 
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Figure C13. Flow depth  at 80 hours 
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Figure C14. Flow depth  at 100 hours  
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Figure C15. Facies Maps from -9 to 11.8 hours 
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Figure C16 Facies Maps from 20 to 55 hours 
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Figure C17 Facies Maps from 80 to 100 hours 
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Appendix!D*Enlarged!Topographic!maps!from!Chapter!5!

This Appendix describes two attached video files and includes enlarged topographic maps and 
overhead photographs from the experiments in Chapter 5. 
 
Supplemental Video 2 shows overhead photographs of the flume every 30 minutes. Flow is from 
left to right. The white is plastic, the tan colors are sand, and the green is alfalfa. Every second in 
the video shows 5 hours of evolution of the experiment. 
 
Supplemental Video 3 shows the topographic evolution of the experiment through time. Flow is 
from left to right. 
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Figure D.1. Bed topography and overhead image at 0 hours. 
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Figure D.2. Bed topography and overhead image at 6 hours. 
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Figure D.3. Bed topography and overhead image at 12 hours. 
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Figure D.4. Bed topography and overhead image at 18 hours. 
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Figure D.5. Bed topography and overhead image at 25 hours. 
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Figure D.6. Bed topography and overhead image at 32 hours. 
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Figure D.7. Bed topography and overhead image at 39 hours. 
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Figure D.8. Bed topography and overhead image at 45 hours. 
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Figure D.9. Bed topography and overhead image at 52 hours. 
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Figure D.10. Bed topography and overhead image at 60 hours. 
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Figure D.11. Bed topography and overhead image at 68.5 hours. 
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Figure D.12. Bed topography and overhead image at 77.5 hours. 
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Figure D.13. Bed topography and overhead image at 87 hours. 
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Figure D.14. Bed topography and overhead image at 93 hours. 
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Figure D.15. Bed topography and overhead image at 100 hours. 
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Figure D.16. Bed topography and overhead image at 108 hours. 
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Figure D.17. Bed topography and overhead image at 114 hours. 
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Figure D.18. Bed topography and overhead image at 120 hours. 
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