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chApter 1 – introduction, bAckground, frAmework

1.1. Bed adjustments to Increased Sediment Supply

By the end of the 19th century, geomorphologists understood that water discharge and 

sediment supply interact to create alluvial river beds, that bed geometry and flow char-

acteristics determine a channel’s capacity to carry sediment, and that the stability of the 

channel depends on the balance between transport capacity and sediment supply [Gilbert, 

1880; Kennedy, 1907]. Fifty years later, Mackin [1948] described a steady state channel as 

a graded river – one that has adjusted itself in order to carry the supplied sediment with 

the supplied water. Empirical relationships between discharge and channel form have 

been quantified over a wide range of alluvial rivers [Leopold and Maddock, 1953] and more 

recently have been amended to explicitly include sediment supply [Millar and Quick, 1993; 

Eaton et al., 2004]. 

When the sediment and water supply to a river reach are altered, as might happen 

from environmental disturbance or a water development project, the balance between 

supply and transport capacity is also changed and the channel will adjust. There is a need 

to be able to predict these changes, particularly those driven by population growth and 

land use changes. As a result of the growing dam relicensing burden for dams built in the 

1950s and 1960s and growing conflicts over conservation, endangered species protection, 

and development the need to predict future channel states is growing. This work focus-

es on the response of gravel stream channels to an increase in sediment supply which is 

of particular interest because a variety of events and actions can trigger an increase in 

sediment supply such as fires, floods, urbanization, dam removal or gravel augmentation 

below an existing dam. 

If the rate of sediment supply to a river channel is increased beyond its transport 

capacity, deposition necessarily occurs and the channel will adjust toward a condition of 

increased transport capacity. In a simple channel, such as a flume, the deposition will pro-
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gressively increase the slope, increasing mean boundary shear stress and transport capac-

ity. Because transport capacity depends on grain size as well as stress, textural response 

will also influence the change in transport capacity. If the supply contains a range of grain 

sizes, an increase in sediment supply has been observed to reduce the bed grain size [Di-

etrich et al., 1989; Parker and Wilcock, 1993; Cui et al., 2003]. This response will depend not 

only on the magnitude of the sediment supply and bed slope, but also on the grain size of 

the bed and the sediment supply. The flume observations of bed fining are for the specific 

case in which the sediment feed has a constant grain size equal to that of the initial bed. 

A general prediction of the slope and grain size response can be made with an inverse 

application of a transport relation that gives transport rate as a function of shear stress and 

bed surface grain size [Wilcock and DeTemple, 2005].

In addition to an increase in bed slope and a decrease in bed grain size, the patterns 

and spatial distribution of topography and grain size may change in response to an in-

crease in sediment supply [Cui et al., 2003; Madej et al., 2009; Pryor et al., 2011]. Because 

sediment transport capacity is a thresholded nonlinear function of bed stress and grain 

size, adjustments that increase the variability of bed shear stress can increase the sedi-

ment transport capacity, even when the mean stress values are unchanged [Paola, 1996; 

Nicholas, 2000; Ferguson, 2003]. Spatial variance in topography and grain size is not typi-

cally random, but organized into larger emergent features such as dunes, pools, and bars 

with associated grain-size patches. Although this behavior is often suppressed in narrow 

flume channels, spatial variability and organized bed features at a range of scales are 

particularly important in the field because local interactions among the flow, bed, and 

transport can produce a transport capacity that is different from that predicted using mean 

values of stress and grain size. 

Variation in topography can be described statistically in terms of the distribution of 

bed elevations, a measure increasingly available with the advent of high-resolution opti-

cal surveying methods. An increase in transport capacity can be associated both with an 
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increase in channel slope, captured with the local mean bed elevation, and an increase in 

the variable of bed elevation, indicating the presence of larger local stresses. A complete 

description of topographic variability must also include a description of the full range of 

bed forms, whose ensemble is termed the bed configuration [Middleton and Southard, 1984]. 

Francanlanci et al. [2012] used a three-dimensional numeric model to evaluate the influ-

ence of bed topography on transport rate. They found lateral topographic variation tended 

to increase transport, whereas longitudinal topographic variation tended to reduce trans-

port relative to a plane bed. The net effect for alternate bars, which include both lateral 

and longitudinal variations, was an increase in transport, particularly where the mean 

stress was close to the critical value for incipient motion.

Spatial variation in grain size can also be described statistically. A reduction in the 

mean grain size is associated with an increase in transport capacity. The influence on 

transport rate of spatial variability in grain size is complex and depends on its correlation 

with spatial patterns of topography and stress. The development of organized patches of 

different grain size, whether on a quasi-planar bed or in association with bed forms, has 

been proposed to increase transport capacity of the channel [Paola and Seal, 1995].

The patterns of bed topography and texture are not purely random. They can be either 

‘forced’ by curvature and width variations driven by valley geometry, bedrock, or large 

immobile clasts [Nelson et al., 2009; Zolezzi et al., 2012], or ‘free’, a condition in which 

small scale instabilities resonate under specific width, depth, and stress combinations to 

produce patterns of topography and grain size [Colombini et al., 1987; Nelson et al., 2009]. 

The free and forced distinctions are especially relevant when predicting adjustments in 

patterns of topography and texture that result from an increase in sediment supply. Where 

the influences driving forced patterns of topography and grain size remain unchanged 

after the sediment supply increase, the patterns may also persist.
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1.2. Previous Work

Field studies of channel response to elevated sediment supply date back at least to 

the early 20th century [Gilbert, 1914]. Naturally occurring sediment pulses from landslides 

[Sutherland et al., 2002] and avulsions [Wathen and Hoey, 1998] provide examples of large 

increases of sediment supply in steep gravel bed rivers. Anthropogenic disturbances such 

as hydraulic mining [Gilbert, 1917; Knighton, 1989] timber harvest, and road building [Rob-

erts and Church, 1986; Madej and Ozaki, 1996, 2009; Pryor et al., 2011] also provide cases of 

elevated sediment supply to mountain gravel-bed rivers, but, like the naturally occurring 

pulses, a record of pre-disturbance conditions is typically not available. Although Madej 

and Ozaki [1996, 2009] did not have measurements of pre-disturbance topography, they 

used erosion following the passage of a sediment wave to assess channel response to the 

elevated sediment supply. Over 80% of the basin was harvested for timber in the second 

half of the 20th century, and the annual suspended sediment discharge was among the 

highest measured in the United States for a stream not draining an active volcano or gla-

cier [Madej and Ozaki, 2009]. Their measurements of Redwood creek found that increased 

sediment supply produced pool deposition, reduced topographic variability, and promoted 

the formation of mid-channel bars.

Dam removal and the subsequent erosion of impounded sediment can provide a 

sediment supply increase on a predictable timeline facilitating pre- and post-increase 

documentation. Many dam removal studies represent a small increase in sediment sup-

ply and/or contain mostly fine sediments that do not interact with the river bed [Doyle et 

al., 2003; Cheng and Granata, 2007; Burroughs et al., 2009; Im et al., 2011; Pearson et al., 2011]. 

Pitlick [1993] presented channel changes resulting from a dam failure that produced a 

thousand-fold increase in coarse sediment supply. Like the mining cases, pre-removal 

channel conditions were not available. Kibler et al. [2011] described the results of two years 

of monitoring following the removal of a small (3.4 m) dam in southern Oregon. There 

was 11,000 m3 of stored coarse sediment, however it is unclear how much was eroded 
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and by what amount the sediment supply increased. They found the primary downstream 

response to be a decrease in the median surface grain size, but were unable to definitively 

attribute the change to an increase in sediment supply. Stewart and Grant [2005] studied the 

removal of two small (3 m) dams. The total increase in sediment supply was uncertain, 

but one stream, with step pool morphology, exhibited minimal deposition. The reach 

downstream of the second dam was steep (2.7%) and had a combination of plane bed and 

forced pool/riffle morphology. The dam removal resulted in deposition primarily in the 

thalweg near the dam, and further downstream the channel pattern took on an alternate 

bar configuration. Finally, Wohl and Cendrelli [2000] describe the topographic and grain 

size changes following a temporary increase in sediment supply from a dam release in 

Colorado. They found the majority of deposition occured in pools. Nearest the dam, pools 

completely filled in, reducing topographic variability.

The response of a channel bed to elevated sediment supply has also been a focus of 

flume studies. Numerous flume studies with sediment augmentation have been conduct-

ed with plane bed initial conditions [Chang et al., 1971;Ikeda, 1983; Jaeggi, 1984; Lanzoni, 

2000a, 2000b]. Cui et al. [2003] conducted sediment pulse experiments in a sediment feed 

flume with a sand and gravel bed and alternate bar topography. They placed a sediment 

slug near the upstream end of the flume and measured the bed elevation, surface grain 

size, and sediment transport as the bed adjusted. They observed as much as a 100-fold 

increase in sediment transport rates downstream of the pulse and noted that for a period 

of time the introduced sediment pulse was able “to suppress or even obliterate much of 

the alternate bar pattern of the ambient state” [Cui et al., 2003, p.11]. Lisle et al. [1997] con-

ducted similar flume experiments in a large recirculating flume with sand and fine gravel. 

When the flume reached a steady state with migrating alternate bars, they fed a pulse 

of sediment near the midpoint of the flume. Sediment transport computations indicated 

that pulse was introduced at a rate roughly 10 times the background transport rate. They 

found that the sediment pulse dispersed in place and that the migrating bedforms showed 
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no systematic response to the increased sediment supply. In a smaller feed flume, Madej 

et al. [2009] and Pryor et al. [2011] both performed experiments using much finer sediment 

(D50 = 1mm) scaled to simulate gravel. Madej et al. [2009] established the initial alternate 

bar topography without any sediment feed, causing bars to form by erosion from a fo-

cused flow. Pryor et al. [2011] established initial alternate bar topography by deposition at 

a constant feed rate. Both studies used similar experimental plans, alternately increasing 

and decreasing the sediment feed rate and measuring bed topography response during the 

periods of aggradation and degradation. Both studies report steeper slopes, finer beds, and 

a change in bed configuration from alternate bars to a braided system. Madej et al. [2009] 

also observed that the bed configuration remained unchanged in the presence of smaller 

increases in sediment supply. 

Lisle et al. [1993] established alternate gravel bars in a feed flume, decreased the up-

stream sediment supply to 1/3 the original value, and measured the bed response. After 

the bed reached equilibrium, they then decreased the upstream sediment supply to 1/10 of 

the original value. They observed a decreased slope, a coarser bed, and increased relief as 

the low portions of the bed eroded and the bar top elevations remained unchanged. They 

also observed that bar tops coarsened more than the pools. The combination of changes in 

the topographic and texture distributions created a bed in which there was not only a de-

crease in unit transport rate, but that transport was concentrated to a narrower portion of 

the bed. There were also transient responses in the opposite direction of the final adjust-

ment – the mean bed shear stress initially increased, but the transport capacity decreased 

as a result of changes in bed texture. 

Ikeda [1983] fed a mixture of sand and gravel at a constant rate into a plane bed flume. 

He initially observed small migrating bedforms that grew in length and width through the 

experiment. As the bars grew they eventually stopped migrating and the final steady state 

was a set of stationary alternate bars with a wavelength equivalent to 10-12 flume widths. 

Finally, a series of flume experiments described in Paola and Seal [1996], Toro Escobar et 
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al. [1997], and Seal et al. [1997], investigate the role of stress, grain size, and topographic 

variability in controlling downstream fining. They fed a bimodal sand and gravel mixture 

into an empty flume with a constant discharge and measured the elevation and grain size 

of the deposit throughout the experiment, while varying the feed rate, GSD, and flume 

width. The deposit grew in length as the experiment progressed, but did so with a rela-

tively constant slope and bed GSD. In all cases they observed downstream fining caused 

by preferential deposition of the larger grains. When topography was present in the wider 

flume, the differences in fractional transport rates were greater and thus downstream fin-

ing effects were stronger than the beds without topography. Although varying feed rates 

did not cause significant variation in downstream fining [Seal et al., 1997], Paola and Seal 

[1996] argue that the relative mobility effects that cause downstream fining are strongest 

at low stress values, and at high stresses (and presumably high transport rates) the bed 

approaches equal mobility. Paola and Seal [1996] also use a numeric model to demonstrate 

that spatial variability in grain size can create downstream fining through relative mobili-

ty of different grain sizes on the bed.             

1.3. Study Plan

This dissertation investigates gravel-bed response to an increase in sediment supply in 

both the field and the laboratory. Numerical modeling is used to evaluate the different bed 

adjustments to this perturbation. The field, flume, and numerical studies provide differ-

ing perspectives and their combined results help to illustrate how different adjustments 

interact. 

The work is motivated by questions from the field about how actual rivers work. 

Pursuing the answer in the field has definite advantages, notably that the systems are not 

analogs, but they are the systems we seek to understand. Working in a field setting also 

introduces important challenges. It is difficult to isolate the effect one desires to study, 

the hydrology that drives the processes is unpredictable, and the cost and time involved 
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in collecting data inevitably demand that only a small portion of the river is sampled and 

often less frequently than one would desire. 

Laboratory flume experiments afford the opportunity to isolate and set or manipulate 

many of the variables that may not be controlled in a field setting. Typically one has con-

trol at least over the discharge, the sediment in the bed, the sediment entering the flume, 

and the presence or lack of living organisms. The controlled laboratory environment also 

allows much higher fidelity data collection, both in frequency and spatial resolution. 

Scale presents the main challenge to flume experiments. Large-scale flumes with depths, 

widths, and grain sizes found in actual rivers can be limiting in terms of access, resourc-

es, and the ability to maintain control over all of the parameters. Smaller flumes are more 

accessible, easier to control, but because water properties do not scale with sediment 

grain size, therefore there are inevitably distortions introduced as the model grains be-

come small. 

A numerical model of a river or flume can now be deployed on inexpensive and 

widely available personal computers. Hundreds or thousands of experiments can be run 

quickly, providing results that would be unattainable in a field or flume setting.  Numer-

ical models are limited by the constraint they can only simulate the process included in 

the model. This leads to inevitable challenges of determining which processes to include, 

comparing numerical model results to reality, and interpreting whether a discrepancy is 

the result of an inaccurate model or of an unmodeled process. The approach taken in this 

research is to blend field observations, flume measurements, and numerical models in a 

complementary fashion to take advantages of each approach’s strengths and compliment 

the others’ shortcomings.

Chapter 2 presents the results of a field study of the removal of the Marmot Dam 

from the Sandy River, Oregon. The 15-meter-tall dam stored 3-5 years worth of sedi-

ment and its 2007 removal provided the opportunity to measure the response of a steep 

gravel-bed river to a scheduled increase in sediment supply. Bed topography and texture 
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were characterized in four study reaches prior to the dam removal and for four years 

afterwards, allowing changes in the channel bed to be described as the system responded 

to the increase in supply. In particular, focus was applied to the bed topography (the type, 

size, shape, and location of bed forms) as it responded to increased sediment supply and 

was influenced by large-scale topographic features. Sediment transport measurements at 

several points yielded estimates of annual sediment loads. Together the bed topography 

changes and the annual sediment fluxes provided the basis for a sediment mass balance, 

or budget, which helps to constrain uncertainty in the estimates of changes in sediment 

flux and storage.

Chapter 3 presents results from experiments in a near-field scale flume (55 m x 2.75 

m) in which sediment supply was increased to a gravel bed (0.0625 – 32 mm). A stable 

alternate bar configuration was formed and then the upstream sediment supply was in-

creased in two steps. Detailed measurements of topography, grain size, and sediment flux 

were taken throughout the adjustment process, allowing a much more detailed description 

of the transient adjustment process than was available in the field. 

Chapter 4 uses numerical modeling to assist in interpreting the field and flume results. 

A one-dimensional multi-fraction morphodynamic model was developed. Because the 

model can include the effects of mean topography and grain size, but not more complex 

spatial variability, comparison of numerical results with the flume experiments allows the 

influence of two-dimensional effects to be evaluated. A large number of sediment aug-

mentation experiments were conducted to assess relative timing and controls of various 

bed adjustment mechanisms. Finally, a series of one- and two-dimensional models were 

constructed of the flume experiments with varying levels of spatial variability in order to 

evaluate the effect on sediment transport of spatial variability of bed stress and grain size.

Chapter 5 brings together the results from the previous three chapters in a synthesis 

of bed adjustments to increased sediment supply. Additionally, a conceptual model of 

bed adjustments in response to increased sediment supply is advanced. The ensemble of 
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approaches – field, flume, numeric model – affords the opportunity to bring to light new 

understanding on a basic river process as well as a meaningful practical problem – how 

do channel beds adjust to increased sediment supply?


