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chApter 5 – summAry And synthesis; pAtterns And 
timescAles of bed response to An increAse in sediment 

supply

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-

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 

[Dietrich et al., 1989; Parker and Wilcock, 1993; Cui et al., 2003]. In addition to an increase in 

bed slope and a decrease in average bed grain size, the patterns and spatial distribution of 

topography and grain size change adjust to convey the added sediment [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 

the bed shear stress can increase the sediment transport capacity, even when mean stress 

values are unchanged [Paola, 1996; Nicholas, 2000; Ferguson, 2003; Francalanci et al., 2012]. 

Finally, the distribution of sorted bed grain size patches have been observed to play a role 

in adjusting transport capacity [Ferguson et al., 1989; Dietrich et al., 1989; Lisle et al., 1993; 

and Paola and Seal, 1996]. The correlation between stress and grain size becomes import-

ant when both vary spatially. When the correlation is negative, such that larger stresses 

encounter finer grains, the transport capacity is further increased [Lisle et al., 2000].

Management actions such as dam removal and sediment augmentation below dams 

increase the sediment supply to a river and require some type of prediction of the bed 

configuration that will result. Such predictions of the equilibrium bed following a sedi-

ment supply increase require an understanding of the relationship of the final bed topog-

raphy and texture to that of the initial bed. Additionally, making predictions of the bed 
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state during the adjustment process adds the requirement to predict the timing and magni-

tude of each of the various adjustments.

Flume experiments can illuminate the processes connecting increased sediment 

supply with bed changes by allowing control of the driving variables and high resolution 

measurements. Field studies are necessary to validate our understanding of these relation-

ships, particularly in terms of the potentially complex interactions among channel con-

figuration and the bed adjustment. This dissertation examines bed response to increased 

sediment supply in both field and flume. Numerical models are used to provide insight 

into the adjustments observed. This final chapter brings together these observations to 

examine the suite of adjustment patterns and discuss their controls. It also presents a con-

ceptual model that organizes the patterns of interactions in a time sequence.

5.1 Summary of Observations

A sediment budget of the Sandy River was developed for the first two years following 

removal of the Marmot Dam is presented (Figure 8). Separate budgets were developed 

for fine (< 2 mm) and coarse (> 2 mm) sediment. The removal of the dam during a low 

discharge year caused a five-fold increase in sediment supply downstream of the dam 

site. Much of the additional gravel was subsequently deposited in the kilometer below 

the dam. Deposition was rapid in the in the first kilometer below the dam, causing the 

bed slope to increase by 60% (Figure 11). The bed configuration varied in time and the 

deposition also reduced topographic variability in this reach, decreasing the bed height 

standard deviation by 47% (Figure 14). The next kilometer downstream also received an 

increase in sediment supply (nearly four-fold increase), although preferential deposition 

in the first kilometer cause the supply to the second kilometer to be finer grained. Despite 

the supply increase, the amounts of deposition in the second kilometer were small Fig-

ure 9) and neither bed slope (Figure 11) nor topographic variability changed (Figure 14). 

However the bed texture did change over the first year, with portions of the bed becoming 
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finer (Figure 17). Farther downstream, the increased sediment supply was primarily sand. 

In the downstream reaches there was minimal measurable deposition and the primary 

response was an increase the amount of sand on the bed. 

During the second year after the dam was removed, the discharges were much higher, 

and the addition of sediment from the former reservoir was very small compared to the 

upstream supply and the transport capacity of the budgeted reach (Figure 8). The aggrad-

ed reach nearest the dam site experienced erosion at the upstream end and the bed slope 

decreased, but did not reach its pre-removal slope. The bed height distributions regained 

some, but not all, of their pre-removal variability. After showing considerable variabil-

ity in the first year after dam removal, the configuration of gravel bars approached their 

original size and location in the second year (Figure 12). This field study provided an 

example of a large increase in the sediment supply that was accommodated in one reach 

by an increase in slope, and in another by a decrease in bed grain size. Furthermore, the 

initial and final bed configuration were broadly similar, even though the size and location 

of bars during the more rapidly varying first year were quite different.

A set of flume experiments allowed the documentation of bed response to increased 

sediment supply in a more controlled setting with the opportunity to collect more frequent 

and higher resolution measurements of the adjustments. The sediment flux in a recirculat-

ing flume with alternate bar topography was increased by manually augmenting the recir-

culating sediment in two steps, with each increasing sediment supply by approximately 

a factor of two. In the first augmentation, the system adjusted to the increased input such 

that the amount of manually augmented supply. The second augmentation was limited in 

time and increased the final steady-state transport by 40 percent. The initial and final beds 

contained similar amounts of pool (23% and 20%, respectively), and bar (28% and 22%) 

area. The spatial arrangements of the initial and final bed topography was similar (Figure 

22) with 74% of the bed classified in the same bar/pool/neither category at the beginning 

and end of the experiment (Figure 26). The transient topography was, like the field study, 
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quite different. As the sediment supply was increased, long wavelength alternate bars 

were overrun with shorter wavelength migrating bars (Figure 22, Run Segment 7). After 

the bed slope and downstream sediment flux reached steady values, the bed configura-

tion continued to evolve (Figure 20D and Figure 22, Run Segments 9-12). The ability to 

closely measure the bed adjustment mechanisms highlighted not only the multiple, and 

sometimes partially offsetting, adjustments, but also the different timescales for bed slope 

and distributions of topography and texture.

5.2. Bed adjustments

The increased sediment supply to the Sandy River following removal of Marmot Dam 

produced a bed response that varied with distance from the dam. Deposition in the first 

kilometer below the dam, caused the bed slope to increase (Figure 11) and reduced topo-

graphic variability in this reach (Figure 14). An increase in slope will increase transport 

capacity, whereas a reduced topographic variability acts to depress transport capacity. The 

response of this reach demonstrates two simultaneous adjustments (changes in topog-

raphy mean and variability) with counteracting effects. The net effect of the two adjust-

ments was an increase in transport capacity, albeit not by as much as the slope adjust-

ment alone would indicate. In the second kilometer below the dam, upstream deposition 

reduced the magnitude of the sediment supply increase, resulting in a four-fold increase. 

However, the supply was much finer (D50g = 14 mm, D90g = 71mm, Fs=66%) than the 

supply to the first kilometer (D50g = 47 mm, D90g = 164 mm, Fs=51%). The primary bed 

adjustment observed was a reduction in grain size (Figure 17). The response in the second 

kilometer may be attributed to two factors: selective deposition of the coarsest sediment 

in the first kilometer, thus delivering a finer bed material load to the second kilometer, 

and stronger topographic influences in the form of expansions, contractions, and curva-

ture (Figure 4) which imposed a forced pattern of bed forms that the increased sediment 

supply was unable to alter.
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The flume experiments examined in Chapter 3 included two sediment augmenta-

tions. The first augmentation produced a steeper slope and a somewhat finer mean grain 

size (Figure 20A). Topographic variability decreased slightly (Figure 20F), and both 

the bed grain size variability and the correlation between stress and grain size remained 

unchanged. The second, larger, augmentation also resulted in a steeper slope. The mean 

surface D50 varies +/- 13% over the course of the experiment. Buscome et al. [2010] report 

RMS errors of +/- 11% and a 95% confidence interval of +/- 20% for the method used 

here to extract grain size information from bed photographs. The observed grain size 

fluctuations are small relative to the range in uncertainty of the grain size measurement 

methods. 

 During the second sediment augmentation, both bed height and grain size distri-

butions became more variable (0.016 m to 0.021 m, and 1.4 mm to 2.1 mm standard 

deviations), and the grain size and bed stress became less strongly correlated (the cor-

relation coefficient went from -0.33 to -0.10) (Figure 20).  To convey the large supply 

increase (65 kg/min to 135 kg/min), the bed slope, bed height variability, and bed grain 

size variability all adjusted in the direction of increased capacity. The mean bed grain 

size and spatial correlation between grain size and stress both adjusted in the direction of 

decreased transport capacity. 

In the flume experiments both slope and sediment flux were observed to approach 

steady state values at the same time, after which the bed configuration and texture distri-

butions continued to adjust. Negative correlation between bed grain size and bed stress, 

producing a wider distribution of Shields number, increased sediment transport rates rel-

ative to values expected for the mean slope and grain size (Figure 20, Run Segment 10). 

As the run continued, texture and stress became less strongly correlated, and the transport 

rate decreased, even though bed slope remained constant.

Numerical models of the Sandy River [Stillwater Sciences, 2000b] and of the flume 

provide a tool for assessing interactions between various adjustment mechanisms. In both 
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cases, 1-D morphodynamic models over-predict the rate of slope adjustment – notably in 

the first kilometer of the Dam Reach and the second augmentation in the flume (Figure 

32). Observations in both field and flume suggest that 2-D effects not captured in the 1-D 

model may explain part of this difference. In both field and flume, topographic variability 

was observed to decrease, which can act to reduce transport capacity. This effect cannot 

be captured in a 1-D model. Thus, the difference between modeled and observed adjust-

ment times is accounted for by a process not included in the 1-D model.

In the second kilometer of the Dam Reach, the model over-predicted deposition be-

cause of an under-prediction in transport rate. The primary bed response was a decrease 

in grain size. Later evaluations of the model [Cui et al., in review] indicate that decreasing 

the grain size by increasing the abrasion coefficient could improve model performance. 

Although the occurrence of significant size reduction by abrasion in a one kilometer 

reach could not be demonstrated, the essential feature is that the transport and bed needed 

to become finer grained for model and observation to match. A similar effect could be 

achieved by rapid deposition of the coarser components of sediment supply in the up-

stream bed.

One-dimensional and two-dimensional models of the same flume conditions illustrate 

the effects of spatial variability on transport rates (Figure 33). Spatial variability in bed 

stress (at the same mean stress), even without topography, increased sediment transport 

rates. Adding topographic-induced stress variability to the flow-induced stress variability 

increased sediment transport still further. Finally, adding spatial variation to the surface 

GSD (at a constant mean surface D50) also increased sediment transport. The grain-size 

effect depends on a negative correlation between bed stress and surface grain size, there-

by increasing the spatial variability in the t/D ratio and the Shields number. This effect 

is demonstrated between run segments 8 and 11 in the flume experiments. During this 

22 hour period, the mean bed shear stress remained steady (13.1 +/- 0.3 Pa) while the 

bed stress and surface D50 became more strongly correlated (the correlation coefficient 
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went from -0.18 to -0.52) (Figure 20), and the sediment transport rate increased by 20%. 

A positive correlation between stress and grain size will reduce the variability in Shields 

number, such that incorporating spatial variability in texture will decrease the sediment 

transport rate. 

5.3. Conceptual model

The observed adjustments among the mean and variability in bed topography and tex-

ture suggest a conceptual model of bed response to an increase in sediment supply. The 

response is triggered by a step increase in sediment supply at the upstream boundary of a 

river reach and the integrated effect of the channel adjustments is the sediment flux output 

at the downstream end of the river reach (Figure 39A). The increase in downstream sed-

iment flux is a result of adjustments in the mean topography (Figure 39B), mean texture 

(Figure 39C), topographic variability (Figure 39D), and texture variability (as it correlates 

to topographic variability) (Figure 39E). Changes in mean topography are characterized 

by the bed slope (Figure 39B). The texture of a reach is approximated with the median 

grain size (D50) (Figure 39C). Topographic variability includes the statistical description 

of elevations (Figure 24 and Figure 14) and the spatial patterns of bedform size, type, and 

location (Figure 12, Figure 22, and Figure 25) that define bed configuration. A statistical 

non-spatial measure of the topographic distribution used throughout this work is the stan-

dard deviation of bed heights (the difference between the local bed elevation and a tilted 

plane through the mean bed elevation). A contour plot of a topographic frequency anal-

ysis through time (Figure 20D) can also be used to describe the spatial patterns of bed-

forms (bar wavelengths) through time. One non-spatial metric characterizing topographic 

variability is the standard deviation of bed height (Figure 39D). Similarly, texture patterns 

can be quantified in several ways such as the variance in D50 across different bed patches 

(Figure 20C), or a spatial autocorrelation of surface D50. Although the spatial patterns of 

topography and texture influence the sediment transport capacity, the spatial correlation 
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between the two is a key factor in determining the spatial variability of Shields number. 

Here (Figure 39E), the correlation coefficient between surface D50 and bed shear stress is 

used as a metric of texture distribution.   

The model is presented as a series of five timelines in order to explain how the vari-

ables adjust in relation to one another through time. There are four phases of adjustment. 

Phase I is the bed prior to sediment augmentation and is taken to be adjusted to a steady 

water discharge and upstream sediment supply. Phase II is the transient phase initiated by 

the increase in sediment input and is complete when the output sediment flux has com-

pleted most of its adjustment. Phase III is also a transient phase in which one or more 

of the adjustment variables may continue to change, even though the sediment output 

is basically in equilibrium with the input. Finally, Phase IV is the final equilibrium state 

during which the sediment input, sediment output, bed topography, and bed texture have 

all reached their adjusted values.  

To illustrate the conceptual model, Phase I is represented with a negative correla-

tion between grain size and bed stress (Figure 39E). This would correspond to a bed 

with coarse lower-stress bar tops, and transport concentrated in a finer-grained thalweg. 

In phase I, the bedforms and grain size patches may be either forced or free. If they are 

forced, a combination of stream curvature, width variation, bedrock, or large immobile 

grains will determine bedform type and location [Zolezzi et al., 2012] and the locations of 

grain size patches [Nelson et al., 2010]. If they are free, then width, depth, and bed stress 

combine to create conditions under which bedforms of a specific height, wavelength, and 

celerity are stable perturbations [Colombini et al., 1987]. The combination of the slope (Fig-

ure 39B), average grain size (Figure 39C), bed height variability (Figure 39D), and grain 

size spatial patterns (Figure 39E) combine to produce a sediment transport capacity that 

is adjusted to carry the supplied sediment (Figure 39A)

The adjustment (Figure 39) begins with a step increase in sediment supply which 

marks the beginning of phase II. The first channel response is deposition in the areas of 
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high transport at the upstream-most portion of the channel as supply overwhelms trans-

port capacity. This can be seen in the Marmot gage cross section (Figure 13), located 400 

meters downstream of the dam site. As deposition initially occurs in the thalweg, the bed 

height becomes less variable (Figure 39D), creating a more uniform cross-section geome-

try. In a channel where the high transport portions of the bed are also the finer areas of the 

bed, deposition of larger grain sizes, will cause a bed coarsening in the high stress areas, 

Figure 39. Conceptual model of bed adjustment.
increase in sediment supply A. bed slope.. B. bed surface grain size. C. bed height vari-
ability. D. correlation between bed grain size and bed stress.
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an increase in the stress-grain size correlation (Figure 39E) and an slight overall coarsen-

ing (Figure 39C). As deposition increases in the upstream portions of the channel, the bed 

slope steepens (Figure 39B), increasing the mean bed stress. The increase in slope acts to 

increase transport capacity whereas the simultaneous increase in grain size, decrease in 

bed height variability, and increase in stress-grain size correlation all have the effect of 

decreasing transport capacity. Until the net effect of the four adjustments is an increase in 

capacity that matches supply, the bed will continue to aggrade and increase the slope. As 

transport capacity increases, the transport rates of individual size fractions adjust sepa-

rately, creating a finer bed surface texture (Figure 39C). An increase in transport capacity 

in the upstream portions of the channel conveys additional sediment farther downstream, 

increasing the supply above capacity, and the same processes occur progressively down 

the channel. As the adjustments continue to the downstream boundary of the reach, the 

sediment transport out of the reach will approach the upstream input value. The point 

at which the upstream and downstream sediment fluxes are in approximately in balance 

marks the end of phase II. 

At the beginning of phase III, because the bed height is less variable than it was in 

Phase I, and transport therefore occurs over a wider area, the arrangement of bed topog-

raphy may also differ from the equilibrium topography that exists in Phase I. Reduced 

topographic variability may support emergence of bedforms such as the mid-channel bars 

seen in the first 600 meters below the Marmot Dam (Figure 12, Nov 2007) or the short 

wavelength migrating bars seen during the second augmentation of the flume experiments 

(Figure 22, Run Segment 7). The adjustments during phase III are marked by the return 

to the spatial patterns of bed topography and texture patterns that existed during phase I. 

Topographic influences such as the upstream flow obstruction in the flume, or the curva-

ture associated with a bedrock outcrop between 600 and 700 m below the Marmot Dam 

(Figure 4) focus the flow and concentrate transport to a narrow portion of the bed. Local 

stress differences and transport differences can create areas of erosion and deposition, 
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recreating the topographic distributions and bed height variability that existed in Phase 

I (Figure 39D). Finally, as the bed topography is reestablished, the topography forces 

patterns of bedload transport that can recreate the bed patchiness associated with the equi-

librium phase I state [Nelson et al., 2010]. When the topographic and texture distributions 

stop adjusting, it marks the transition from phase III to phase IV. The bed state in phase 

IV relative to phase I is a bed with a steeper slope, a slightly finer texture, and similar 

patterns of bedforms and bed grain size patches. 

The persistence in topography and texture patterns from Phases I to IV will depend on 

the influence of factors that can force local patterns of erosion and deposition. Very strong 

channel controls, such as the large bedrock at the lower end of the Dam Reach (Figure 

4) or channel curvature, such as seen in the Dam Reach 600 meters below the dam site, 

(Figure 4), will cause the bed configuration to persist in the presence of large deposi-

tional volumes. Another factor forcing persistence of topographic and textural patterns is 

the upstream flow obstruction in the flume, which set up a flow pattern that maintained 

an alternate bar sequence downstream. Smaller topographic influences such as the large 

relatively immobile grains seen in Figure 17C, may be buried and no longer force a par-

ticular bed configuration. Hence, the magnitude of deposition relative to the emergence 

of a forcing object will be a factor in determining persistence of topography. Wathen and 

Hoey [1998] refer to a similar phenomenon, describing ‘megascale’ sediment waves that 

overwhelm a channel and cause considerable bed configuration change and ‘macroscale’ 

sediment waves which drive aggradation but maintain bed patterns more similar to the 

initial planform. The model above describes a sediment supply increase that responds like 

a macroscale wave. The response of a megascale wave would probably be similar through 

Phase II, and then Phase III would be marked by a topography and texture rearrangement 

toward a new equilibrium state.
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5.3. Conclusion

This dissertation presents a suite of field observations, flume measurements, and nu-

merical models investigating the response of channel beds to a sediment supply increase. 

In both the field and flume, deposition leading to an increase in slope was observed to be 

a dominant bed response. Where the deposition volumes were small, the primary adjust-

ment was a reduction in grain size. Changes in spatial patterns of bed topography and 

texture were also observed, sometimes with the effect of counteracting the increase in 

transport capacity from a slope increase. These 2-D effects are apparent when the results 

of 1-D numerical models are compared to observations in the field and flume. For exam-

ple, the 1-D models over-predicted rate of change of the slope and transport rate because 

they do not include the spatial correlation between grain size and bed stress. To fully de-

scribe bed adjustments and the rates of bed adjustments, the mean topography and texture 

are insufficient, and the spatial patterns must be considered.

Spatial patterns of topography and texture were observed to be similar before and 

after the increase in both the field and flume. The deposition amounts were insufficient to 

bury the topographic features in the field and flume that forced bed the configurations. As 

a result, the pre- and post-increase equilibrium patterns were similar. During the transi-

tion state, however, the spatial patterns were often quite different than the equilibrium 

patterns. In the field case, the cross-section relief was reduced and numerous mid-chan-

nel bars formed in what had been a single thread channel. In the flume, migrating alter-

nate bars of varying scales dominated the topography during the adjustment phase. The 

reemergence of the initial topographic and texture patterns is due to the persistence of 

the topographic influences – curvature, width variations and immobile portions of the 

bed in the case of forced topography, and width, depth, and stress patterns in the case of 

free topography. If deposition volumes are such that the topographic influences persist 

throughout the adjustment, spatial patterns can be expected to reemerge after a period of 
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adjustment.

There are however, different adjustment periods for mean values and spatial patterns. 

The slope and sediment flux approached steady state values at close to the same rate, 

however the patterns of topography and texture continued to adjust afterwards. Numeric 

modeling suggested the slope and sediment flux adjusts faster with higher transport rates, 

greater supply increases, and larger bed grain sizes. One can think of a bulk adjustment of 

the mean slope and grain size to transport the supplied sediment followed by a reconfigu-

ration of the bed driven by external topographic influences

The ensemble of field, flume, and numerical models results demonstrate four adjust-

ment bed adjustments – changes to the mean and distribution of bed topography and tex-

ture. The adjustments can operate on different time scales, with grain size most likely to 

respond first. Spatial patterns of topography and texture can adjust to convey an elevated 

sediment supply without an increase in bed slope. Where slope increases are the domi-

nant response, spatial patterns of topography and texture may moderate the slope effects, 

introducing systematic errors in one-dimensional model predictions.

Fluvial geomorphology endeavors to understand the relationship between river forms 

and the physical processes which shape those forms. Predicting the evolution of river bed 

topography and texture following a supply increase, whether from gravel augmentation, a 

landslide, or a dam removal, uses the understanding of the relationship between form and 

process to predict a future state. As we manage our rivers for water supply, hydropower, 

and fish habitat, there is a growing need to predict the consequences of our actions on 

rivers. The adjustment types and timing, as well as the development of spatial patterns 

presented here, advance our understanding of the adjustment process following a sedi-

ment supply increase and further our ability to predict changes.
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