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Bar-pool morphology in rivers can provide vital habitat to aquatic species, notably 

salmonids, which require gravel riffles to bury eggs and pools for hydraulic and cold-

water refuge. In some cases, the erosion and subsequent deposition of coarse 

sediment downstream of a dam removal can modify habitat by inundating bar-pool 

structure, filling pools, and homogenizing the channel bed. To assess extents and 

durations of geomorphic impacts of dam removals, project managers may devote 

significant resources to detailed one-dimensional numerical modeling studies and 

requisite data collection, but the manner in which these width-averaged sediment 

inundation depths are expressed laterally and interact with pre-existing morphology is 

not considered. We address the uncertainty associated with the lateral impacts of 

sediment pulses by presenting and evaluating a conceptual framework for both 



visualizing dam removal data and explicating hypotheses describing the response of 

cross-channel bed relief to changing sediment thicknesses. Within this conceptual 

framework, we examine, using data from two dam removals in Oregon, the 

hypothesis whereby bed relief in a cross-section is formed and initially increased by 

sediment deposition and subsequently diminished during continued deposition. 

Results suggest that the conceptual framework is a useful means for visualizing dam 

removal data and effectively captured the different behaviors and changing 

morphologies observed in the cross-sectional data at each field site. Although there 

was some data that the hypothesis did not describe sufficiently, the confirmation of 

the general trends of the hypothesis in much of the data make it a good starting point 

for estimating the range of responses to dam removal of alluvial channels that exhibit 

bar-pool morphology and developing more physically detailed and site specific 

hypotheses. 
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Dam Removals and Downstream Bar-Pool Morphology 

 

1. INTRODUCTION 

To date, over 600 dams have been removed in the U.S. (Doyle et al., 2009). In the 

United States, it is estimated that over 70% of the 77,000 big dams (over 7.6 m in 

height or reservoir capacities greater than 61,700 m3) will reach the end of the 50-

year average design life by 2020 (Stewart and Grant, 2005).  Further, of the over 

10,000 dams identified as high hazard potential in the result of failure, 1,300 have 

been labeled as unsafe structures that require immediate attention (Federal 

Emergency Management Agency, 2009). In addition, there are an estimated 2 million 

small dams in the U.S. (Graf, 1993), many of which are likely to be in similarly 

degraded conditions. It is likely that managers of many small and some large dams 

will choose to remove the dams for various environmental, economic, liability, 

regulatory, and structural reasons.  

In designing or studying any dam removal, a primary concern, and subject of 

important management decisions, is the fate of the impounded sediment (Schuman, 

1995; Snyder et al, 2004) and its potential negative impacts on channel form, 

behavior, and habitat through the release of excessive or contaminated fine sediment 

or large pulses of less mobile coarse sediment. There are specific hazards and 

considerations associated with the release and subsequent downstream deposition of 

large volumes of coarse material from behind a dam, including habitat degradation, 
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increased flooding risks, and forcing of large width adjustments or braiding 

conditions (Downs et al., 2009). When the primary concern is degradation of fish 

habitat, a major concern is burial of vital spawning riffles and rearing pool habitats 

for salmonids by filling pools and homogenizing the bed (i.e. forming a planar 

morphology) with additional sediment (Downs et al., 2009). 

To assess the extent and duration of geomorphic impacts of dam removals, 

project managers may, as a default response, devote significant resources to detailed 

one-dimensional numerical modeling and requisite detailed data collection.  

However, the ability to accurately model channel adjustments in multiple dimensions 

is not considered. One-dimensional models can only provide predictions at a reach-

averaged scale and are unable to simulate effects of sedimentation on more complex 

topography, such as pool-riffle sequences (Cui and Wilcox, 2008). Managers often 

seek to know how long and over what length and depth a channel will experience 

increased sedimentation. In some cases, it is also crucial to understand and predict the 

effects of increased sedimentation on multidimensional morphological features that 

function as aquatic habitat. Uncertainty regarding the effects of released reservoir 

sediment on morphology-dependent habitat can be a major hindrance to the timely 

and efficient execution of many dam removal projects, and many dams are removed 

without clear assessment of the impacts that the removal will have on downstream 

habitat.  
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 Expectations regarding the multidimensional effects of the delivery of an 

instantaneous pulse of sediment into a river may be found in the general field of 

sediment pulse research, which includes research from flume experiments and natural 

analogs (e.g. landslides, flood deposits). There is field and experimental evidence for 

the homogenization of bed topography, including pool filling (Lisle, 1982; Madej, 

1999; Madej, 2001) and development of braiding conditions (Hoffman and Gabet, 

2007), following the release of a pulse of sediment, and a few studies have noted the 

presence of both pool filling and bar building with associated pool deepening 

(Sutherland et al., 2002; Downs et al., 2009). Some theories of channel morphological 

responses to sediment pulses tend to presuppose the burial or diminishment of 

channel structure and focus on the trajectories of channel reorganization (Madej, 

2001). Although studies (e.g. Sutherland et al., 2002; Downs et al., 2009) help 

demonstrate that this presupposition is not absolute, there remains a lack of a 

conceptual framework or model for understanding the effects of sediment pulses on 

bar-pool topography.  

 To date, no studies explicitly address the relationship between width-averaged 

sediment deposition (i.e. one-dimensional view of a sediment pulse) and bar-pool 

morphology. This study presents a conceptual framework and cross-channel bed 

relief as a new method and metric for describing and visualizing morphological 

changes to bar-pool morphology downstream of a dam removal. Within this 

conceptual framework, hypotheses regarding the cross-sectional (i.e. two-
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dimensional) response of a channel to changes in mean sediment thickness in a cross 

section (i.e. width-averaged net sediment deposition) may be made explicit. We 

hypothesize that bed relief is formed and initially increased by sediment deposition 

and subsequently diminished during continued deposition, and we offer an example 

depiction of this hypothesis using idealized geometric cross-sections and depositional 

patterns. The two primary goals of this study are: 1) compare the general relationship 

between bed relief and mean sediment thickness set forth by our hypothesis with field 

data from two dam removals in Oregon, and 2) evaluate the conceptual framework as 

an effective method for visualizing dam removal data and advancing understanding of 

the range and types of morphological responses possible in a bar-pool channel 

following the release of a sediment pulse.   
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2. CONCEPTUAL DEVELOPMENT 

Dynamic and variable channel morphology can provide vital ecosystem services to 

aquatic species, notably salmonids, which require gravel riffles to bury eggs and 

pools for cold-water refuge. Salmon-bearing streams in the Pacific Northwest tend to 

have gravel substrates and often demonstrate alternate bar-pool morphology. Pools 

are often associated with point bars, where the depth of the pool and the exposure of 

the bar are codependent as a function of stage. Pool depth is also a function of the 

difference in elevation between the pool bottom and the bar-top, referred to as 

“relief,” and may be used as a metric for describing both channel morphology and the 

quality of pool habitat (Mossop and Bradford, 2006). Here, we use cross-channel bed 

relief, a related metric, to describe the channel morphology. In general, we define 

cross-channel bed relief (r), referred to hereafter simply as “bed relief”, as the 

elevation difference between the deepest part of a cross-section and the highest 

feature (e.g. top of sediment bar) within the central 70% of the bankfull width, 

thereby excluding the tops of the banks. Defined this way, bed relief is independent of 

stage and is dependent on the amount of sediment in a cross-section and captures 

adjustments to pool depths and bar heights, e.g., in response to deposition or erosion. 

To address how a particular volume of sediment released from a reservoir translates 

into a change in relief at the cross-section scale, we first reduce three dimensional 

sediment volumes to a one-dimensional value within the vertical plane of a cross-
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section. We consider the three-dimensional sediment volumes as a two-dimensional 

cross-sectional area above a vertical datum, and, then, as a vertical sediment thickness 

when averaged across the bankfull width of the channel that we refer to as mean 

sediment thickness (z). A given cross-section may exhibit various morphological 

responses to the addition of a given thickness of sediment including deposition 

distributed across the entire width of a cross-section or concentrated deposition at the 

bottom of pools or tops of bars. We hypothesize that bed relief initially increases with 

increasing sediment thickness in a cross-section to an optimum relief value and 

subsequently decreases as more sediment is added.  

Our hypothesis proposes a general relationship describing the response of bed 

relief to changes in sediment thickness associated with a pulse of sediment produced 

by a dam removal. Sediment pulses are frequently modeled as one-dimensional 

stationary (i.e. not translating) dispersive waves when composed of coarse material 

(Lisle et al., 1997; Lisle et al., 2001; Cui et al., 2003; Cui et al., 2005; Greimann et 

al., 2006), and consequently provide a reasonable description of the spatial and 

temporal trends in mean sediment thickness that drive the behavior posited by our 

hypotheses. The simplest way to illustrate these trends is to place all of the sediment 

stored in a reservoir as downstream-pointing triangular wedge located at the foot of 

the dam and evolve the wedge through time by advancing the wedge-toe position 

using some velocity (Figure 1A). The area of the wedge at all timesteps, in profile, is 

Α =  1
2

 𝛼𝑡 𝑍𝑚𝑎𝑥 =  𝑉𝑠
𝐵

 , where 𝛼𝑡 is the position of the wedge toe, 𝑍𝑚𝑎𝑥 is a maximum 
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wedge thickness stationed at the downstream end of the former dam (x=0), 𝑉𝑠 is the 

total volume of the reservoir deposit, and 𝐵 is the bankfull width (Figure 1A). We 

derive a formulation for the toe position through time whereby the toe advances at a 

velocity, vc, estimated by averaging the annual sediment flux over the channel width 

and active layer thickness: 

                                              𝛼𝑡(𝑡) =  𝛼𝑡0 +  𝑄𝑠
𝐵𝑁𝐷90

𝑡                           (1) 

where Qs/BND90 = vc, 𝐷90 is the grain size representing the 90th percentile of the 

reservoir sediment grain size distribution, and 𝑁is a constant representing the 

disturbance depth of the bed (i.e. active layer thickness in terms of D90) (DeVries, 

2002; Wilcock and McCardell, 1997). We refer to 𝛼𝑡(𝑡) as 𝛼 and normalize the 

wedge thickness (Δz) by the maximum cross-channel relief (R) such that at any 

location (x) at any time (t) the normalized wedge thickness (i.e. change in mean bed 

sediment thickness) is given by: 

Δ𝑧∗(𝑥, 𝑡) =
2𝐴
𝛼 �1−

𝑥
𝛼�

𝑅
         (2) 

The formulation is cast in terms of Δz* because it represents the mean sediment 

thickness associated with the wedge that will be added to an initial sediment 

thickness. The formulation for the toe velocity is not physically-based and is intended 

only as a simple approximation.  
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With any sediment pulse that evolves in the manner described above, the 

channel experiences decreasing impacts, in terms of changes in normalized sediment 

thickness relative to the initial condition, with increasing distance from the dam. 

Temporally, sediment thickness increases at a location as the wedge front arrives and 

subsequently decline as the wedge thins (Figure 1B).  

 We develop a conceptual framework within which we can express our 

hypothesis describing the response of bed relief (r) to mean sediment thickness (z) 

and the spatial and temporal patterns of change in one-dimensional sediment 

thickness. We create two non-dimensional variables, z* = z/R and r* = r/R by 

normalizing the mean sediment thickness and bed relief by the maximum bed relief 

measured in a reach, R. We plot the two variables such that r* is dependent on z*, and 

we refer to this plot as our conceptual framework. We explicate a specific example of 

our general hypothesis using an idealized rectangular bedrock channel of bankfull 

width, B, and maximum depth, H (Figure 2), an idealized deposition scheme, and 

following the one-dimensional temporal pattern depicted in Figure 1B. The 

conceptual framework and hypothesis can describe trajectories of change in bed relief 

through time at one location if provided mean sediment thicknesses from data or one-

dimensional model outputs. Consider a cross-section that initially contains no 

sediment so that z* and r* = 0 as labeled with a “1” in Figure 2. Introducing sediment 

to this idealized cross-section (e.g. by advancing a sediment wedge)(Figure 1) can 

increase bed relief by providing the sediment necessary to build a bar. If sediment 
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continues to be added to the bar, it will eventually form the idealized bar with 

maximum relief, r* = 1, when the cross-section is half filled, 𝑧∗ =  1
2
  (“2” in Figure 

2). The first phase of aggradation forms, on the relief plot, the “uplimb” of the 

hypothesis where 0 ≤   𝑧∗ < 1/2 and relief is increased by the addition of sediment. 

Additional deposition will, according to the hypothesis, decrease the relief until the 

channel is completely full, or 𝑧∗ =  1 and 𝑟∗ = 0 (“3” in Figure 2). The second phase 

of aggradation forms the “downlimb” of the hypothesis where 1/2 < 𝑧∗ ≤ 1 and relief 

is decreased by the addition of sediment. If the full channel is subsequently eroded, as 

shown by decreases in mean sediment thickness in Figure 1B, it may degrade in the 

same manner by which it filled: first by removing sediment to expose the bar and 

create a pool, followed by eroding the bar until the bed is devoid of sediment (“4” in 

Figure 2).  

The exact shape and location of significant features of the relief hypothesis 

(e.g. peak and zero relief values) are a function of the idealized cross-section shape 

and filling mechanisms used to define its curves. We present three examples of 

possible end-member filling mechanisms (Figure 3B-3D) that are variations of the 

general hypothesis. Each mechanism yields a unique curve in the conceptual 

framework with different r* sensitivities to changes in z* (Figure 3A). These 

geometrically-based mechanisms are illustrative in nature and neglect the physical 

mechanisms responsible for developing bed relief. Each mechanism shares vertices at 

the minimum and maximum r* values, but each takes a different route between them 
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(Figure 3A). Figure 3B is an idealization of the case in which a channel fills by 

uniform deposition across the bed surface and forms the dashed line “B” in Figure 

3A, whereby r* is relatively insensitive to changes in z* at moderate z* values, but 

increases and decreases rapidly when the channel contains little sediment or is almost 

full. Figure 3C is an idealization of the case in which a channel fills by deposition 

across the entire width of the channel, but preferentially on top of the bars initially 

and preferentially in the pools with further aggradation. This mechanism yields linear 

relationships between z* and r* as depicted with line “C”. Figure 3D is an 

idealization of the case in which a channel fills by uniform and horizontal deposition 

on the bar top during initial deposition and filling the pool preferentially with further 

deposition. This mechanism follows the dotted line “D”, whereby r* is highly 

sensitive to changes in z* at moderate values of z* and insensitive at low and high 

values of z*. This high sensitivity to preferential pool-filling is of particular concern 

to aquatic species as even small additions of sediment can lead to large decreases in 

bed relief and degrade pool habitat. Other behavioral variations on the hypothesis are 

possible. In the case of a channel incised to a depth, Hi, that is greater than R, there 

may be a leveling of the curve at high r* if bar-pool morphology is maintained 

(Figure 3A). This might be reasonable if the hydraulics stay consistent while the 

channel further fills to a level where it can overflow or erode its banks.  

Although the conceptual framework can accommodate a range of hypothetical 

scenarios, the hypothesis is formulated with respect to an idealized rectangular cross-
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section and is useful for representing end-member cases of sediment deposition under 

different simplifying assumptions. Cross-sections in natural channels and the 

processes that shape them might deviate from the simple description presented herein. 

Many natural channels exhibit a trapezoidal shape where channel width increases 

with elevation. Channel filling in a cross-section whose width increases with 

elevation may follow a different shape on the relief plot than our hypothesis proposes. 

Width adjustments due to bank erosion or filling and spilling out of the top of a 

channel will also certainly change the shape of data on the relief plot. The hypothesis, 

as drawn, cannot capture width adjustments and therefore cannot describe the 

response when adding enough sediment to completely fill the channel and spill out 

over the banks. A channel that widens during significant aggradation will still 

experience a decrease in relief, but this may be thought of as moving a channel down 

an uplimb and resetting the initial conditions rather than down the downlimb, where a 

channel is unable to return to previous conditions, at least in the near term. An 

underlying assumption is that the locations of scour zones that maintain pools remain 

unchanged at time scales less than those associated with the migration of sediment 

bars and similar large bedforms. The hypothesis is only intended to describe the 

changing geometry of bar-pool cross-sections, not cross-sections associated with 

riffles, which are characterized by more planar topographies. We do not exclude 

cross-sections associated with riffles from our analysis, however, and these cross-

sections will tend to plot at low r* values, irrespective of z*. A complication not 

addressed in our hypothesis is the role of varying discharge in periodically filling and 
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scouring a pool over the course of a water year or single event by both varying the 

caliber and quantity of sediment being transported and modifying the strength of 

scouring effects. Rigorous interpretations of data points and the governing processes 

at a specific location will need to consider the role of migrating bedforms and a 

varying hydrograph.  

 

 

 

 

 



13 

 

 

Figure 1. Sediment wedge evolution and corresponding change of mean sediment 
thickness at a location through time. (A) Sediment wedge showing change in mean 
sediment thickness with downstream distance at two times. (B) Example temporal 
pattern in change in mean sediment thickness at one location associated with the 
evolution of a wedge such as depicted in (A). 
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Figure 2. Relief hypothesis presented in conceptual framework. (A) Hypothesis 
presented in conceptual framework and depicting the uplimb, whereby relief 
increases with increased deposition, and downlimb, whereby relief decreases with 
increased deposition. Points labeled 1-4 correspond to channel beds depicting in 
idealized cross-sections (B) and (C). (B) and (C) depict the evolution of an idealized 
cross-channel through time.  
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Figure 3. Conceptual framework with variations of hypothesis corresponding to 
different cross-section filling mechanisms. (A) Conceptual framework relating 
normalized bed sediment thickness to normalized cross-channel bed relief depicting 
variations on the general hypothesis derived from cross-sectional filling mechanisms, 
labeled “B” ,”C”, and “D” and correspond with mechanisms described in (B,C,D). Hi 
is incised depth and represents an incised channel with vertical banks, where 
maximum relief is maintained while the channel fills to a depth where it can overtop 
or widen its banks. 
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3. STUDY SITES 

3.1. Brownsville Dam, Calapooia River, OR 

The Calapooia River drains 947 km2 of Western Oregon Cascades, is a major 

tributary to the Willamette River, and flows 121 km east-northeast to its confluence at 

Albany (Runyon et al., 2004)(Figure 4A). Hydrology in the region is driven by a 

moderate Mediterranean climate that produces long duration, low intensity, storm-

driven high flows in the wet winters and low base flows in the dry summers. Peak 

flows for the study site range from 95 m3/s for a 1-year recurrence interval flood to 

357 m3/s as the flow of record in December 1964 based on the historic flow record at 

the former USGS gage at Holley (#14172000). Summer base flows are typically less 

than 15 m3/s. The Calapooia is a low sinuosity, single-thread, gravel-bed river with an 

approximate 0.3% grade over the approximately one kilometer study reach and 

alternate bar morphology as it flows out of the Western Cascades, which consist of 

highly dissected basalt and andesite (Sherrod and Smith, 2000). Approximately 0.5 

km downstream of the former Brownsville Dam the river flows through flat 

agricultural land of the Willamette Valley, and sinuosity increases substantially while 

grade decreases to 0.2%, the channel widens, and mid-channel and point bars become 

more apparent.  
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The Brownsville Dam was located about 4 km east of Brownsville, 62 river 

kilometers from the outlet. The river is incised 1 to 3 m into its historic floodplain for 

many locations both upstream and downstream of the former dam, and in many 

locations erosion-resistant silt hardpan is exposed on the channel bed. It was 

particularly prevalent in the 400 m low sinuosity, plane-bed reach immediately 

downstream of the dam prior to removal (Walter and Tullos, 2010). The 1.8 to 2.4 m 

tall, 33.5 m wide (cross-channel), 4 m long (streamwise) Brownsville dam was built 

into a basalt intrusion, which forms a portion of the right bank in the reservoir. The 

run-of-river dam impounded approximately 14 000 m3 of predominantly coarse 

sediment (D50 = 0.059 m), equaling about 2 times the annual coarse sediment load. 

The first dam at the location was built in the 1800’s as a log crib structure to divert 

water into a canal to power mills in the town of Brownsville (Runyon et al., 2004). 

After falling into disuse and being partially destroyed in the 1964 flood, the dam was 

rebuilt as a concrete structure filled with sand and gravel shortly thereafter to divert 

water into the canal for aesthetic purposes (Walter and Tullos, 2010). The crib dam 

was not removed before the construction of the concrete structure and is currently still 

in place at roughly the same location as the concrete dam. A scour pool formed below 

the dam, exposing the silt hardpan, and boulders were placed at the toe of the dam to 

prevent scour damage to the structure (Walter and Tullos, 2010). Due to the partial 

blockage to fish passage and hazards associated with structural damage on the 

downstream face of the dam (Runyon et al., 2004), the Brownsville Dam was 

removed in August 2007 using an excavator and without dredging (Martin, 2007). 
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The two concrete abutments were left in place, and the removal of sediment over the 

year of flows following removal exposed the log crib dam. The only notable tributary 

in the vicinity of the dam is Wiley Creek, which enters the Calapooia river right and 

75 m upstream of the former dam. Seismic surveys were conducted (Northwest 

Geophysical Associates, Inc. October, 2006) to assess the composition of the 

subsurface and determine depths to bedrock in the reservoir. Prior to removal, 

sediment was extracted immediately upstream of the dam using an excavator to 

characterize sediment distributions at depth. 

3.2. Marmot Dam, Sandy River, OR 

The Sandy River flows 80 km from its glacial source on Mt. Hood volcano to its 

confluence with the Columbia River, draining 1300 km2 of the Western Cascades 

(Major et al., in review.) (Figure 4C). The sediment load consists of sand and coarse 

volcanic gravel derived from the river’s origins at the base of Reid Glacier on the 

western slopes of Mt. Hood and Pleistocene terraces bordering the river (Major et al., 

in review.). Throughout the majority of its length, the high-gradient Sandy River has 

a substrate composed of coarse volcanic material, and transitions to a sand-bed 

substrate approximately 10 km from its confluence with the Columbia River, 

reflecting a decrease in gradient below 0.1% (Major et al., in review). There are 

various bedrock controls along its length, notably the steep (1%) and narrow (34 m 

average width) Sandy River Gorge, a 7 km constriction beginning 2 km below the 

Marmot Dam (Major et al., in review.). Hydrology in the Sandy River basin is driven 
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by the moderate Mediterranean climatic conditions typical of the Western Cascades, 

experiencing long duration, low intensity rainfall in the fall and winter and snowmelt 

in the spring (Major et al., in review.). At the dam site, the Sandy River has a mean 

annual flow of 38 m3/s and a mean annual flood of 460 m3/s (Major et al., in review.). 

 The Marmot Dam was a 15 m high, 50 m wide concrete structure built in 1913 

for flow diversion, located 2 km upstream of the Sandy River Gorge and between the 

confluences of the Salmon River and Bull Run (Major et al., in review.). The dam 

was removed in 2007 due to speculated high costs necessary to complete and 

maintain dam modifications to meet fish passage requirements following the 

expiration of its operating license in 2004 (Major et al., in review). The reservoir 

impounded 750,000 m3 of sand and gravel, representing 5 to 10 years of trapped 

annual sediment load. A temporary cofferdam was built to retain the reservoir 

sediment as the dam was removed, and the cofferdam was breached in October 2007, 

fully exposing the reservoir sediment to the river.  

3.3. Site Comparison and Relevance to Study 

Brownsville and Marmot are useful complementary sites for evaluating the 

conceptual framework. There are many similarities between the rivers and their 

removals. For example, they are both predominantly gravel bed, single thread 

channels that tend to exhibit alternating bar morphology, and both dams were run-of-

river projects that continued to pass sediment after the reservoirs were filled. The two 

sites differ predominantly in regards to size, as Marmot is a bigger dam with a 
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reservoir more than an order of magnitude larger than that of Brownsville. 

Differences in the volumes of sediment available for transport and eroded from the 

former reservoir present an opportunity to evaluate the conceptual framework scaling 

across different dam sizes. Each site has reasonably dense topographic data, in the 

form of cross-sections. Cross-sections are spaced at one-fourth to two times the 40 m 

bankfull channel width at Brownsville and at approximately 13 m or one-fifth of the 

65 m bankfull channel width at Marmot. This data is used to calculate changes in 

mean sediment thickness and cross-channel relief.   
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Figure 4. Study sites: Brownsville Dam, Calapooia River, OR (A-B) and Marmot 
Dam, Sandy River, OR (C-D). (A) Google© terrain map outlining the Calapooia 
River and basin; location of study area ~4 km East of Brownsville, OR is specified. 
(B) 2005 aerial photo of Brownsville Dam (pre-removal), survey reaches (white text), 
and repeat cross-section survey locations (red lines). (C) Google© terrain map 
outlining Sandy River and basin and location of study area. (D) 1995 aerial photo 
(Google©) of dam and study reaches (white text); cross-section locations not shown.  
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4. METHODS 

4.1. Field Methods: Data Collection and Processing 

4.1.1. Brownsville 

Field surveys of the Calapooia River extending from 0.4 km upstream to 1.4 km 

(approximately 40 channel widths) downstream of the Brownsville Dam were 

completed in the summer prior to removal and in the two summers following 

removal.  Collected data included topographic surveys of cross-sections, thalweg 

profiles, and bar surfaces and sediment sampling using both surface pebble counts 

and bulk samples. Cross-section locations were determined by identifying channel 

units (e.g. pool, riffle, run, glide) in the pre-removal channel and designating four 

equally spaced cross-sections per channel unit, with the downstream boundary cross-

section of a channel unit serving as the upstream boundary for the next channel unit 

downstream (Walter and Tullos, 2010). Width-averaged longitudinal profiles of mean 

bed elevation and mean sediment thickness were created from the cross-section 

survey data to demonstrate net aggradation and degradation due to the removal. A 

gaging station was established to collect flow data using a pressure transducer (vented 

Stevens PS 60) installed on a concrete slab located river right, 85 m downstream of 

Main St. bridge in Brownsville and approximately 3 km downstream of the study site 

(44°23'26.1737"N 122°59'07.7696"W (NAD83)) as 15-minute stage recordings 

beginning prior to removal and continuing to the present. A rating curve for high and 

low flows was constructed from the stage data using linear regression of discharge 
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measurements near the gage site to interpolate and extrapolate discharge values 

(Walter and Tullos, 2010).  Gaps in the stage data due to storm damage and 

malfunction of the pressure transducer/data logger were filled using values from log-

transformed regression models for the Calapooia at Brownsville created using historic 

gages on the Calapooia and nearby basins (see Walter and Tullos, 2010 for details). 

The historic flow record at the former USGS gage at Holley (#14172000) was 

adjusted using a drainage area transformation to estimate historic flow and calculate 

flood frequency at Brownsville.  Annual coarse sediment flux is estimated as the 

volume of the reservoir divided by the 2 years necessary to fill it (Tullos, D.D., 

personal communication). 

4.1.2. Marmot 

See Major et al., (In review.) for full detail on field methods for Marmot Dam. 

Utilized in this study are the repeat topographic surveys conducted by David Evans 

and Associates, Inc. in September one year prior to removal (2007) and each year 

following removal (2008-2010) for cross-sections situated in 14 m intervals 

beginning immediately below the dam to 660 m downstream and at ~30 m intervals 

in the reach from 1 to 1.6 km downstream. 

4.2. Analytical Methods 

Mean sediment thickness (z) and cross-channel bed relief (r) are computed at 

surveyed downstream cross-sections for each site. Mean sediment thickness is the 

width-averaged sediment depth above a datum for a given cross-section. For each 
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cross-section, the lowest bed elevation among all the surveyed years is selected as the 

vertical datum. Bankfull width is determined from topographic indicators in the cross-

section data. Trapezoidally-integrated areas between the datum and the surveyed 

channel bed are calculated across the bankfull width of the channel for each survey 

year, summed, and then divided by the bankfull width. Differences in mean sediment 

thickness between the pre-removal survey and each post-removal survey are 

calculated to illustrate both longitudinal and temporal change in mean sediment 

thickness. Cross-channel bed relief is calculated as the difference between the 

maximum bed elevation within the central 70% of the bankfull channel and the 

minimum bed elevation within the bankfull channel. 15% of the width of cross-

section is removed from each boundary in attempt to capture maximum bed 

elevations associated with in-channel bed sediment and exclude elevations associated 

with the banks of the channel. The same criterion is not used for the minimum bed 

elevations as the thalweg may often be situated at the toe of a bank, particularly in 

channels with vertical outer banks, and potentially excluded from the calculation. 

This method will underestimate the relief in situations where a sediment bar top 

connects smoothly with the bankfull channel, and may be biased towards higher relief 

in channels where the bank is included in the central 70% of the cross-section. For 

each site, all values of the mean sediment thickness and cross-channel bed relief are 

normalized by the maximum cross-channel bed relief (R) calculated in the surveyed 

reach for all the survey years, yielding the dimensionless values, z* and r*. Results 
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for z* at successive times yield Δz* values between each post-removal survey year 

and the pre-removal survey year.  

 We evaluate the ability of the conceptual framework to depict changing 

morphology and behavior at each site and compare the shape and trends of the 

hypothesis with the mean sediment thickness and bed relief data for each field site. 

To guide the interpretation of the relief plots, we identify sub-reaches of each channel 

that have similar magnitudes and/or temporal patterns of normalized change in mean 

sediment thickness following dam removal. 
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5. RESULTS 

5.1. Brownsville Dam Removal  

Following the removal of Brownsville Dam, the Calapooia River evacuated 29% of 

the ~14,000 m3 of sediment stored in the reservoir in the 2007-2008 water year and an 

additional 10% of the original reservoir in the 2008-2009 water year, exposing the 

original log crib dam buried in the reservoir. The crib dam continues to impound 

sediment and provide approximately 1 m of elevation gain from downstream to 

upstream over its ~10 m length. Figure 5 displays the changes in normalized mean 

bed sediment thickness from the pre-removal survey to each of the two post-removal 

surveys (solid and dotted lines). Values for mean sediment thickness, and cross-

channel relief, are normalized by 1.65 m, the maximum surveyed relief (R) for all 

three survey years, which was calculated at XS1, located 10 m downstream, in 2009. 

The largest changes in z* occur proximal to the dam site (10 to 175 m downstream), 

with a maximum change of over 0.68 at the location 10 m downstream of the dam 

and declining to 0.19 in approximately 175 m downstream in 2008 and remaining 

nearly constant in 2009. In general, the reach 175 to 700 m downstream experienced 

net degradation of less than 0.1 in the first year following removal with the exception 

of XS14 at 480m downstream, which experienced a decrease of over 0.2. This reach 

generally experienced net aggradation in the second year following removal, with 

mean changes less than 0.1 except for 3 cross-sections between 400 and 500 m that 

showed a 0.1 – 0.2 increase. 
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Much of the evacuated sediment was deposited in 2008 as new sediment bars 

in the 200 m directly downstream of the former dam. For the 2007-2008 water year, 

cross-sections such as XS2 and XS3 (Figure 6A and 6B, respectively) illustrate the 

formation of a mid-channel bar that trended from river right to river left and the 

associated concentration of primary flow within a narrow river right channel from 50 

to 150 m downstream of the dam. The new bar reflects a maximum deposit thickness 

of approximately 1.5 m and a mean bed elevation change of over 0.8 m near the dam 

and declining downstream. In the 2008-2009 water year, this bar became attached to 

the left river bank in its first 50 m and decreased in thickness in its distal 50 m. An 

alternate bar was formed river right beginning around 200 m downstream. The bar 

growth and development was accompanied by minor to negligible width adjustments 

due to bank erosion. In reaches farther downstream, channel changes for both years 

consisted primarily of minor adjustments to existing sediment bars, most often by 

extending the bar margins, both laterally and longitudinally. For example, at XS 9 

(Figure 6C), located 320 m downstream of the dam, small vertical adjustments to the 

bed were observed, but little change in the overall shape and structure of the channel. 

   

 We group the Brownsville cross-sections into two sub-reaches based on 

spatial and temporal patterns in net erosion and deposition, and we use these 

classifications to organize the interpretation of the relief data. The reach immediately 

downstream of the dam (XS1-4, 10-175 m downstream) was characterized by 
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considerable exposed hardpan on the bed and longitudinal bed slopes reduced to as 

much as -0.6%. Results illustrate that this group saw the largest increase in mean 

sediment thickness and channel morphology and that net change was minor from 

2008 to 2009. We isolate the behavior of this reach and refer to it as the “Reach I” 

(Figure 5). The rest of the study reach displays a similar temporal trend in changing 

sediment thickness (i.e. net degradation in 2008 and net aggradation in 2009), and we 

will refer to this reach as “Reach II” (Figure 5).   

Results for r* and z* from each cross-section in each survey year are 

presented in Figure 6. Reach I data populate all the extreme (maximum and 

minimum) values for z* and r*.  The pre-removal  r* and z* values from Reach I fall 

at the low end of the plot, recording the lowest z* values (<0.1) in the entire dataset. 

Post-removal data for XS1 exhibit the highest r* and z* values (1.0 and 0.8, 

respectively) and post-removal XS2 and XS4 data record three of the lowest r* 

values. In general, the 2007 and 2008 data tend to plot along a linear upward trend. 

Exceptions are primarily associated with Reach I. The 2009 data have more scatter at 

moderate z* values with a group falling below the upward trending 2007 and 2008 

data towards lower r*. The data show only a few post-removal r* values below the 

pre-removal minimum of approximately 0.2. Figure 6 depicts the temporal 

trajectories of r* and z* for each highlighted cross-section. XS2 decreases r* with 

aggradation in the first year following removal to the lowest values in the dataset. The 

following year, this cross-section experienced little change in r* or z*. XS3 shows 
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low initial values of r* and z*, which increase in the first year following removal as 

sediment is deposited as a mid-channel bar nearly a meter thick on the relatively flat 

initial topography. As the bar develops and migrates towards the left bank over the 

next year, the deep pool created in the first year fills slightly while the bartop 

elevation stays relatively constant, thereby decreasing r*. XS 9 (Figure 6C), which is 

typical of much of Reach II, exhibits a minor increase in r* during the degradation in 

2008 due to a deepening of the thalweg. XS9 aggraded from 2008 to 2009 decreasing 

r* as the thalweg aggraded and shifted left. 

5.2. Marmot Dam Removal 

The removal of Marmot Dam (specifically, the breaching of the cofferdam) caused 

substantial and rapid channel responses in the Sandy River. Literally overnight, the 

reach immediately downstream of the dam developed into a multi-thread channel 

with mobile sandy bars from its previously single thread, boulder cobble bed (Major 

et al., in review). In the first 60 hours following the breaching of the cofferdam, 18% 

of the 730,000 m3 of stored reservoir sediment was evacuated, and half of this amount 

was deposited in the 2 km reach just below the dam (Major et al., in review.). After 

the 2007-2008 water year, more than 50% of the reservoir sediments had been 

eroded, and 110,000 m3 was deposited in the same 2 km (Major et al., in review).  

Figure 8 displays the normalized change in bed sediment thickness for the pre-

removal survey relative to each of the three post-removal surveys. Values for both 

sediment thickness and relief were normalized by 7.58 m, the maximum surveyed 
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relief (R) for all three surveys years, which was calculated at XS21, located 310 m 

downstream, in 2007. Post-removal, the wedge-shaped deposit had maximum 

thicknesses up to 4 m at its base at the foot of the former dam, and sediment depths 

decreased to near zero values at its distal end at the entrance to the Sandy River 

Gorge, 2 km downstream (Major et al., in review). After the first water year following 

the removal (2007-2008), maximum Δz* occurred in the 250 m downstream of the 

dam, with maximum values nearing 0.40. Values of Δz* decreased to 0.20-0.30 for 

the remainder of the near downstream reach, with a minimum value of 0.17 located 

310 m downstream. The far downstream (fds) reach experienced much smaller 

changes in Δz*, typically 0.01 for all cross-sections, with only three values greater 

than 0.03. After the 2008-2009 water year, the 250 m reach immediately downstream 

of the dam saw a decrease in z* for all cross-sections. Δz* values stayed relatively 

consistent with the 2008 data for the next 440 m, excluding the channel sections from 

360-550 m downstream, which experienced net aggradation. In the 2009-2010 water 

year, there was minimal channel change reflected in any of the Δz* data. Channel 

change in the Sandy River Gorge is uncertain but expected to be minor, and 

excluding a small, but measurable amount of aggradation at the outlet of the gorge, no 

sedimentation effects attributable to the dam removal are reported in any reaches 

downstream of the gorge (Major et al., in review).  

The mobile sediment bars associated with the multi-thread channel found in 

the first kilometer of downstream channel in the four weeks after the breach had no 
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distinguishable relation to the previous locations of sediment bars, but the channel 

stabilized into a single thread form after the first water year, with sediment bars 

returning to similar pre-removal location, size, form and composition (see Figure 21 

in Major et al., in review). The cross-sections featured in Figure 8A, 8B, and 8C 

(XS4, XS12 and XS28, respectively) show evidence of the bar development after the 

first water year. XS4, located 56 m downstream, exemplifies the temporal erosional 

and depositional patterns found in the sub-reach 0 to 175 m downstream of the dam. 

The sediment deposited in 2008 was distributed as a steep bar on river right that 

exhibited a similar shape to the underlying channel. As Δz* decreased in this sub-

reach in 2009, the bar morphology remained consistent as the degradation occurred 

relatively uniformly across the width of the channel. XS12, located 180 m 

downstream of the dam, typifies the temporal erosion and deposition patterns for the 

sub-reach 175 to 310 m downstream. This sub-reach exhibits relatively planar filling 

of sediment in the channel in 2008 compared with XS4 and XS28 and is characterized 

by multiple shallow channels. In the following year, the cross-sections experienced 

net degradation, resulting in a dominant attached bar forming on river right with a 

primary channel river left. XS28, located at 420 m downstream, demonstrates 

temporal erosional and depositional patterns typical for the reach 310 to 660 m 

downstream and forms a well-developed bar attached to the left side of the channel. 

During minor net aggradation the following year, this sub-reach filled to create a 

planar channel. A bar is not observed for XS28 in 2009 and 2010. Associated with the 

large amounts of aggradation, many of the cross-sections in the near downstream 
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reach experienced widening during the first 2 years following the removal, primarily 

through filling of the roughly trapezoidal pre-removal channels. These effects were 

not present in the fds reach.  

We group the Marmot data into four sub-reaches as suggested by spatial and 

temporal patterns in the longitudinal Δz* data, and we use these classifications to 

organize the interpretation of the relief data. The four sub-reaches depicted in Figure 

8 are: 0 – 250 m, 250 – 360 m, 360 – 660 m, and the previously labeled fds reach (1 – 

1.6 km). We label the sub-reach from 0 to 250 m downstream “Reach I”, and this 

sub-reach is characterized by the thickest sediment deposits in 2008 and large (~0.1) 

decreases in Δz* from 2008 to 2009. We label the sub-reach from 250 to 360 m 

downstream “Reach II”, and this sub-reach displays relatively little modification to 

Δz* after initial deposition in 2008. We label the sub-reach from 360 to 660 m 

downstream “Reach III”, and this sub-reach is characterized by net aggradation from 

2008 to 2009. The fds reach is 1 – 1.6 km downstream and demonstrates only minor 

changes in sediment thickness, primarily through subtle modification of existing bars 

and mild pool filling. We classify the different subreaches based on the general 

patterns of aggradation and degradation, rather than 2D patterns exhibited in the 

cross-sections, to isolate the varied responses to similar changes in sediment 

thickness.  

 Results for r* and z* from all cross-sections in 2007, 2008, and 2009 are 

presented in Figure 10. The 2009 and 2010 data tend to plot close to one another for 
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any given cross-section due to the small changes in z* between the two years. In 

general, the 2007 and fds reach data, both pre- and post-removal, follow a linear 

upward trend (Figure 10). The post-removal fds data points illustrate the small net 

additions of sediment and limited increase or reduction in relief experienced by the 

fds reach (Figure 8). The r* and z* data for the near downstream reach (sub-reaches I, 

II, III) are more complicated. Relief data from the nds sub-reaches for all survey years 

are presented in Figure 11, and they isolate the behavior of the different sub-reaches 

with respect to temporal patterns of erosion and deposition. The pre-removal data for 

reaches I, II, and III do tend to fall along a similar linear upward trend and, excluding 

6-8 points with r* values near 0.4 and z* values near 0.2 (Figure 10). These data 

typically have higher r* values for a given z* than far downstream points. The one 

outlier in the dataset is from this group, XS21 located at 310 m downstream, and it 

has 0.27 higher r* than any other point, and the scaling is pinned on its high relief. 

Temporal trajectories of r* and z* for XS4, XS12 and XS28 are highlighted in the 

insets of Figure 9 and represent typical trajectories for other cross-sections in the sub-

reaches. XS4 and XS12 represent the two two-dimensional channel adjustment styles 

displayed in Reach I (Figure 11A), and XS28 exhibits the typical response pattern of 

Reach III (Figure 11C). Reach II had only minor channel change after the initial 

deposition in the first year of the removal, so there are no cross-sections depicted for 

the sub-reach. XS 4 (Figure 9A) (Reach I) has the lowest pre-removal z* and r*. 

Substantial aggradation in the first year following removal resulted in only a small 

increase in r* in 2008, and degradation over the next year by 0.13, causes only a 
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minor increase in r*. This path is typical for Reach I cross-sections from 0 to 175 m 

downstream. XS12 (Figure 9B) (Reach I), located 180 m downstream, displays 

moderate r* and low z* values pre-removal. The cross-section is inundated by over 3 

meters of sediment in the first year resulting in formation of a multi-thread channel 

with low r*. The relief recovers to values above and equal to the initial value in 2009 

and 2010, respectively, as sediment is evacuated and a larger primary channel is 

created river left. This pattern is typical of the latter portion of reach I (Figure 11A). 

XS28 (Figure 9C) (Reach III), located at 420 m downstream, shows an opposite 

trend, as do the other cross-sections in Reach III. The pre-removal channel with 

moderate and low r* and z*, respectively, had a bar over 4 m thick deposited on top 

of it in 2008 with a reasonably well-formed (width equal to nearly 1/2 bankfull width) 

primary channel along the right bank. The relief associated with the development of 

the bar and pool in 2008 is 0.08 smaller than that of the pre-removal channel. The 

introduction of only a small amount of additional sediment by 2009 and 2010, 

decreases r* to the minimum values for the entire dataset of 0.04, which is manifested 

as a smooth fill of the entire pre-removal channel (Figure 11C). 
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Figure 5. Longitudinal profile depicting change in normalized mean sediment 
thickness with distance downstream from Brownsville Dam. Calculated from 
cross-section data, lines represent difference in normalized mean sediment thickness 
between each post-removal survey and the pre-removal survey. Study reach is divided 
into two distance classes specified by “I” and “II”. Locations of select cross-sections 
are noted. 
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Figure 6. Select surveyed pre- (2007) and post- (2008,2009) removal cross-
sections for Brownsville with inset unit boxes of normalized bed sediment 
thickness (z*) and normalized bed relief (r*). Cross-section view is oriented 
looking downstream. Inset data points correspond to surveyed years of each cross-
section. (A) XS2, located 54 m downstream of Brownsville Dam, within Reach I. (B) 
XS3, located 98 m downstream, within Reach I. (C) XS9, located 320 m downstream. 
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Figure 7. Plot of normalized mean sediment thickness (z*) and normalized relief 
(r*) for Brownsville data. Brownsville data are segregated into Reach I (“I”, solid 
symbols) and Reach II (“II”, empty symbols).  
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Figure 8. Longitudinal profile depicting normalized change in mean sediment 
thickness with distance downstream from Marmot Dam. Profile is divided into 
two primary reaches: Near downstream (nds) and Far downstream (fds). Near 
downstream reach is divided into three subreaches: “Reach I”, “Reach II”, and 
“Reach III.” There is no survey data between 660 and 1000 m downstream. The linear 
profiles for this reach do not reflect actual values of mean sediment thickness.  
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Figure 9. Select pre- (2007) and post- (2008,2009,2010) removal cross-section 
surveys for Marmot with inset unit boxes of normalized bed sediment thickness 
(z*) and normalized bed relief (r*). Cross-section view is oriented looking 
downstream. Inset data points correspond to surveyed years of each cross-section. (A) 
XS4, located 56 m downstream of Marmot Dam, within Reach I. (B) XS12, located 
180 m downstream, within Reach I. (C) XS28, located 420 m downstream, within 
Reach III. 
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Figure 10. Plot of normalized mean sediment thickness (z*) and normalized 
relief (r*) for Marmot. Data are segregated into near downstream (nds, solid 
symbols) and far downstream (fds, empty symbols). Data from 2010 are excluded in 
this figure for clarity because there is little channel change between 2009 and 2010. 
See Figure 11 for 2010 data.  
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Figure 11. Normalized mean sediment thickness (z*) and normalized relief (r*) 
plots for subreaches (Reach I, Reach II, Reach III) of the near downstream 
reach for Marmot. Note that plot B uses different vertical scaling. 
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6. DISCUSSION 

To address the goals of this study, we first compare the relief data from our field sites 

with our hypothesis by interpreting the relief results from each site and then 

discussing the ability of the hypothesis to capture the shape and trends of the data. We 

discuss the ability of the conceptual framework to capture the different behaviors 

observed at each site and the effectiveness of the normalizing scheme used in the 

conceptual framework. We also discuss the merits of the conceptual framework and 

implications of the hypothesis and data for notions of channel recovery following a 

disturbance by sediment inundation due to the removal of a dam. 

6.1. Data and Hypothesis Comparison 

The hypothesis is evaluated in terms of the shape of the model and location and 

values of primary features (i.e. minimum and maximum r* and z*). We examine the 

results from both study sites in terms of the presence of the uplimb and downlimb 

described by the hypothesis and the spatial and temporal patterns represented by each 

designated sub-reach. The shape of the data from a site will depend on the 

aggradational process(es) responsible for creating or reducing relief, and the scaling 

will depend heavily on the maximum relief value by which the data is normalized and 

how it compares with the rest of the dataset. Both shape and scale are dependent on 

the shape of the cross-section being filled with sediment. 
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6.1.1. Brownsville  

The Brownsville relief data generally indicate the presence of an uplimb, but with 

considerable scatter. The occupation of the origin and peak of the uplimb by pre-

removal data from Reach I and the two post-removal data points from XS1 is logical 

considering all cross-sections but XS2 had relatively planar beds with little sediment 

cover prior to removal and underwent the largest degree of aggradation (Figure 5). In 

2009, Reach II underwent net aggradation, and the data points that fall on the uplimb 

from 2009 tend to occupy relatively moderate to high z* values. This suggests that the 

locations that received enough additional sediment to have z* values greater than 0.50 

tend to create or maintain relief with that sediment. In support of the hypothetical 

trend that relief less than the maximum relief may be accentuated by the addition of 

sediment, most of the highest r* values for Brownsville are post-removal points that 

fall along the upward trend of the uplimb and are coincident with the newly formed 

and growing sediment bars following the Brownsville removal. Consistent with the 

hypothesis, the peak r* value falls on the upward trend at z* values around 0.5. 

However, the four post-removal points closest to the peak value have z* values above 

0.5. Neglecting the peak data point, these four points suggest a leveling trend towards 

an r* value of 0.8, which could reflect the stabilizing of relief associated with the 

filling of the incised channel segments of the Calapooia. The Brownsville data reflect 

no clearly-defined trends in downlimb configurations. There is a low-density cluster 

of datapoints below the uplimb with moderate z* values and sub-moderate r* values, 

and this cluster is composed of 2009 data from Reach II and XS2 of Reach I. The z* 
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values for these points are in the same range as the uplimb (as opposed to z* values 

greater than 0.5) and result from preferential pool-filling (i.e. primarily filling the low 

points in a cross-section rather than being deposited on bar tops) during net 

aggradation in Reach II in 2009. The morphological modification at Brownsville is 

caused by two primary behaviors: modest pool filling and the accentuation and 

relaxation of relief through bar building and erosion. In locations where bars were 

growing, relief typically increased with additional sediment. When cross-sections 

experienced net degradation, data tended to retreat down the uplimb, but not deviate 

from it. Locations that experienced pool filling typically had moderate pre-existing 

relief and only small additions of sediment that preferentially filled the pools, thereby 

deviating from the uplimb.  

With the exception of the cluster of points that fall below the uplimb, the 

Brownsville data appear to depict only the uplimb of the hypothesis, suggesting that 

the dam removal did not introduce enough sediment to drastically change its reach-

scale behavior or morphology. The post-removal points show little deviation from the 

upward trend present in the pre-removal data. There were no considerable width 

adjustments measured in the survey reach, and, as evident in the cross-sections in 

Figure 6, the largest aggradation experienced by the channel was less than 30% of the 

incised depth. This latter observation implies that the channel may have been able to 

process an even larger pulse of sediment without causing major adjustments to 

channel behavior or morphology. The reach accommodating the bulk of the 
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deposition had sparse sediment cover prior to removal (z* values less than 0.2) and 

responded to the removal by forming well-developed bars (r* up to 1). This 

accumulation of reservoir sediment in the sediment deficient reach just below the dam 

suggests that the additional sediment supplied to the channel was just sufficient to 

replace the sediment that had been removed from this reach while the dam was in 

place. Morphological impacts may have been more extreme if this reach immediately 

below the dam had continuous sediment cover and well-developed bar-pool 

morphology prior to removal.    

6.1.2. Marmot 

The Marmot relief data show a well-defined uplimb, which consists exclusively of 

cross-sections from pre-removal surveys and the fds reach, and a downlimb with a 

more uncertain shape and trend. The fds reach experienced only minor net 

aggradation (Figure 8), and it is therefore unsurprising that data from this reach 

exhibit only small changes in r* and z*. At Marmot, we do not see the relief 

accentuation along the uplimb that we observed at Brownsville, and the data points 

along the uplimb may be interpreted as more representative of a stable set of bar-pool 

and riffle geometries rather than reflecting an active process modifying those 

geometries. In other words, due to the method by which we calculate sediment 

thickness and relief from a single value vertical datum, big bars will have high relief 

and large areas above the lowest elevations in the cross-section. The scaling of the 

uplimb, and the rest of the data, is pinned to a maximum pre-removal relief value of 
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7.58 m, which is considerably higher than all other measured relief values. 

Interpretation of the downlimb data is more complex and the variability in the data 

can obscure potential trend and hypothesis recognition if the spatial and temporal 

patterns in sediment deposition are not considered. The nds data tend to follow three 

sets of trajectories through time corresponding to the sub-reach in which they belong 

(Reach I, II, and III), and the behavior of each sub-reach is considered below.  

The data from Reach I tend to support the general trends proposed by the 

hypothesis. Although there data from different survey years is organized into discrete 

clusters (i.e. 2007, 2008, and 2009/2010) rather than linear trends, the data appear to 

show the two limbs of the hypothesis with the 2009 and 2010 data representing the 

optimum relief values. The 2009/2010 data generally exhibit higher r* values than the 

pre-removal and 2008 data, suggesting that, after an initial reduction in bed relief in 

2008, relief was accentuated, relative to both 2007 and 2008 data (Figure 11A). 

Located directly downstream of the former dam, it is possible that this reach, more 

than the others farther downstream, would be in a sediment deficit, and thereby 

respond to the addition of new sediment by building bar relief. In this sub-reach, we 

see large net aggradation in 2008 decreasing relief and subsequent erosion in 2009 

increasing relief, moving the data points out to high z* values on the relief curve in 

2008 and recovering to moderate z* values on the relief curve in 2009 (Figure 11A). 

This pattern is in general agreement with movement down and back up the downlimb 
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of the hypothesis, thereby supporting the hypothesis’ trajectories of disturbance and 

recovery through time. 

Reach II data are inconclusive in regard to the hypothesis and show no 

temporal trends or paths in relief adjustment to sediment thickness after 2008 (Figure 

11B) because changes in sediment thickness after 2008 are minimal (Figure 8). All 

cross-sections experience a decrease in bed relief from pre-removal conditions. Reach 

II seems to represent a transition or “hinge” reach between the substantial net 

degradation from 2008 to 2009 in Reach I and the net aggradation from 2008 to 2009 

in Reach III. 

Reach III data generally seem to support the behavior described by the 

hypothesis, but the exact shape of the post-removal data assemblage does not 

coincide with that of the hypothesis. The 2008 data exhibit a roughly horizontal trend 

but with both a positive and negative sub-trend expressed at its low z* margin (~0.4 

z*). Although the net changes in Δz* from 2008 to 2009/2010 are relatively minor in 

Reach III (typically <0.05%R), approximately 200 m of the sub-reach experienced 

these minor bed adjustments as net aggradation, which results, in many cases, in 

planar beds and corresponding very low r* values (e.g. Figure 9C). In these cases, 

additional sediment was preferentially deposited in the pools present in 2008 and 

decreased the relief. Interestingly, the 2008 and low relief 2009/2010 data form 

roughly parallel linear trends, and the lower relief cluster of data represent both 

further filling and bed reorganization of the horizontal trending 2008 data points. In 
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this sub-reach where large aggradation occurs in 2008 and lesser aggradation 

continued in 2009, we do not see evidence for recovery, but rather continued 

movement down the downlimb towards lower relief in all post-removal years (Figure 

11C). This pattern supports the decreasing trend of the downlimb towards planar 

morphology. Some of the 2009/2010 data for Reach III plot at higher relief and lower 

z*, and these data correspond to the downstream 100 m of Reach III that did not 

exhibit net aggradation from 2008 to 2009.  

We therefore see some evidence from the relief plots and the cross-sectional 

morphology in support of both the uplimb and downlimb of the hypothesis, but the 

2008 data display different behavior. The 2009 and 2010 data, particularly those from 

Reach I and Reach III, tend to plot in locations in accordance with the hypothesis, but 

the 2008 data plot in a band roughly designated by r* and z* values from 0.1 to 0.4 

and 0.4 to ~0.6, respectively. Within the 2008 data, two end-member depositional 

styles are represented:  bar building with one primary channel (e.g. Figures 9A and 

9C) and more planar deposition with multiple flow paths (e.g. Figure 9B). The cross-

sections experiencing more planar deposition do register lower r* values within the 

2008 data and represent the minority in comparison with the cross-sections displaying 

bar building. The r* values from 2008 are similar to the low-relief cluster of pre-

removal uplimb data (Figures 11A and 11C), but the shape of the 2008 data does not 

appear to fit either the hypothetical uplimb or downlimb. The 2008 data could be 

viewed as having a horizontal trend with some vertical scatter (Figure 10). The 
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moderate r* values and cross-sectional evidence suggest that most of the sediment 

deposition in 2008 resulted in creating in-channel relief, in the form of alternate and 

mid-channel bars, whose relief values are between 0.1 and 0.4, with alternate bars 

registering higher r* and mid-channel (multi-thread sections) bars registering lower 

r*. Much of the pre-removal channel, particularly in Reach I was characterized by the 

presence of boulders, rather than sediment bars. Therefore, perhaps by burying the 

pre-existing channel with sediment immediately following the removal (first 60 

hours), the channel was then able to organize into the mobile sandy bar structures 

documented by Major et al. (In Review). These bars, formed in 2008, exhibited a 

more moderate relief, perhaps due to increased lateral activity associated with the 

increase in width as the channel migrated above and beyond the bounds of the more 

confined pre-removal channel during aggradation (Figure 9). Many cross-sections in 

the nds reach exhibit widening by one of three mechanisms: filling in and aggrading 

the roughly trapezoidal channel to occupy a larger portion, filling the pre-removal 

channel to the point where sediment spills beyond the banks, and, in a few cases, 

aggrading the channel to levels that promote lateral bank erosion.  The high pre-

removal r* values are calculated using the same widths as the post-removal data, and 

therefore may be biased towards higher r* values by including portions of the sloping 

banks of the larger trapezoidal channel that are not part of the active channel. This 

reveals a challenge in regards to the calculation of r*, but also supports the 

interpretation that the active pre-removal channel was somewhat incised in the near 

downstream reach and as a result, somewhat underfit to its larger trapezoidal channel. 
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This interpretation is supported by the presence (prior to removal) and filling 

(following removal) of the longitudinal profile anomaly or “hole” immediately below 

the dam (Major et al., In Review), suggesting that there was a sediment deficit in this 

sub-reach. This deposition suggests a preliminary regrading of this reach to what is 

perhaps a stable gradient, although further erosion may occur in the reach in the 

future. Regardless, we speculate that the lower relief morphology built following the 

removal is reflective of a new width-relief regime lacking much of the bias resulting 

from inclusion of inactive channel banks in the bed relief calculations. Alternate 

explanations are that the post-removal relief values are lower because of the 

formation of cross-overs between alternate bars (e.g. Reach III) and that the channel 

may still be recovering, leading to the possibility that relief may be accentuated in the 

future. 

6.2. Conceptual Framework Evaluation 

Dams, reservoirs, and channels can vary widely between sites with respect to size, 

shape, and composition, and it is important to test conceptual frameworks relating to 

dam removal across a range of conditions, including dam heights and fill volumes 

(Pizzuto, 2002). Brownsville and Marmot are useful in evaluating the conceptual 

framework due to the varying sizes of their reservoirs, and consequently, amount of 

sediment introduced to the downstream channel. The amount of sediment deposited 

downstream of each dam removal creates different morphology and behavior at each 

site. Brownsville produces, on the whole, relatively subtle and limited (in downstream 



51 

 

extent) adjustments to the Calapooia River and its morphology prior to removal, with 

the exception of the 150 m immediately downstream of the dam. The lack of major 

channel reorganization and relative preservation of pre-removal morphology for the 

majority of the survey data is visible in the conceptual framework. The post-removal 

data tend to plot in the same general trend and vicinity as the pre-removal data. 

Deviations from the pre-removal data locations are associated with modest pool 

filling and the accentuation of relief through bar growth, and these two behaviors are 

visible within the conceptual framework and effectively described by changes in the 

two variables. Pool filling tends to lower the relief values with increases in z*, and 

bar growth tends to increase the relief values with increases in z*. Therefore we see a 

range of relief values following the removal of the Brownsville Dam, which reflect 

the varying morphological responses observed in the surveyed cross-section. 

 The removal of Marmot Dam represents a large enough disturbance to the 

Sandy River to substantially modify channel morphology and behavior for 1000 m of 

the channel downstream of the dam, and these responses are apparent within the 

conceptual framework. In most surveyed cross-sections, the post-removal 

morphology looks very different from the pre-removal morphology buried by 

reservoir sediment deposition, and these differences are visible on the relief plots. The 

primary differences from pre- to post-removal data are the increase in size and 

number of sediment bars and the creation of riffle-like morphology. The relief values 

associated with the post-removal sediment bars tend to be similar or less than the 
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relief values of the pre-removal channels, which often exhibited a U-shaped 

morphology lacking sediment bars, where high relief values characterize the slope of 

the bank. This bar morphology dominates much of the post-removal data, and this is 

reflected in the consistent range of relief values for the entire range of post-removal 

z* values. The riffle-like morphology, which is lacking in the pre-removal data, plots 

very clearly within the conceptual framework as relief values near 0. The conceptual 

framework clearly depicts the morphological differences between the pre- and post-

removal data, most notably the creation of an alternating bar-pool reach from the 

burial of a deep U-shaped channel. 

The conceptual framework and its two variables are able to display and 

distinguish the different behaviors and degrees of change to channel morphology at 

each site, even though the normalizing scheme used in the framework produces 

comparable magnitudes of r* and z* values at each site. Given the complete and large 

extent of burial of pre-removal morphology at Marmot and the very different 

morphology created above it following removal in opposition to the more subtle 

morphological modification observed at Brownsville, the scaling of the magnitudes of 

change between the two sites is not completely representative of the size of the 

disturbances relative to the size of the channel changes. The post-removal z* values 

for Marmot seem somewhat low considering the magnitude of the morphological 

impacts. Therefore, the conceptual framework is effective at showing different trends 
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and changing morphologies in dam removal data, but is less effective at scaling the 

magnitude of these changes between sites. 

6.3. Implications 

The conceptual framework and comparison of the hypothesis with relief data 

from two dam removals have important implications for both the application of such 

a scheme to dam removals and the way in which we think about sediment pulses and 

channel disturbance and recovery. From a management perspective, the movement of 

a channel down a downlimb as described in the hypothesis is of concern to managers 

who worry about homogenizing the bed with sediment after releasing a large volume 

of reservoir sediment. In regards to this downlimb, it is useful to know that it is not 

necessary to severely erode the banks and widen the channel to significantly diminish 

bed relief. It is also an important result that, in aggradational scenarios, pools do fill, 

often at small sediment additions, but that some do not. Additionally, of the pools that 

fill, some do not remain filled, but recover towards higher relief. The range of relief 

responses and the recovery trajectories instill a degree of confidence that even a 

channel that experiences diminishment of its pre-removal topography may form a 

diverse suite of new morphological configurations. It may reflect a property of gravel 

bed rivers whereby, if the amount of sediment introduced into a channel is not 

sufficient to force braiding conditions, rapid reforming of sediment bars occurs. 

Flume experiments by Madej et al. (2009) simulating channel responses to varying 

sediment input show similar patterns of disturbance and response with respect to 
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channel morphology to those presented by Brownsville and Marmot. Under moderate 

increases in sediment input, channels aggrade but maintain the general bar-pool 

morphology prior to the disturbance and after a period of recovery, as witnessed in 

Brownsville and the fds reach of Marmot. Under large increases in sediment input, 

the bar-pool topography of the flume bed smoothed, developing mid-channel bars and 

actively migrating bed forms, as seen in the nds reach of Marmot. In the flume study, 

the channel recovered from the increase in sediment input by reforming an alternate 

bar morphology, but at a different configuration than that prior to the disturbance. 

This result from the flume study prompts Madej et al. (2009) to conclude that channel 

recovery from a large sediment input may not consist of re-establishing the exact 

morphology present before the disturbance, but instead establishing morphology 

reflective of the balance between sediment supply and transport capacity. Lisle (1982) 

discusses the role of sediment bars as the primary roughness elements in coarse-

bedded channels, stating that due to the longer timescales required for their 

development, they are adjusted to long-term flow and sediment conditions. The 

timelime over which this recovery occurs becomes an important component in 

assessing the potential responses of a channel to removal. Madej (2001) discusses the 

reforming of sediment bars following a disturbance and presents a conceptual model 

describing the characteristics (e.g. spacing) of those bars in relation to the number of 

“organizing” flows since the disturbance.  Time is explicit in Madej’s conception, 

whereas it is implicit the conceptual framework presented in this work. Madej’s 

conceptual framework has certain advantages compared to the conceptual framework 
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presented herein as it captures the concept of reworking sediment in a given location, 

rather than simply adding or subtracting it, in a net sense. It is important to consider 

here a useful distinction presented by Schmidt and Wilcock (2008) for the terms 

aggradation and degradation. In this paper, we have used aggradation and degradation 

to refer to net changes in mean sediment thickness. Therefore, we refer to degradation 

as net reduction in the amount of sediment in a given location, as opposed to the more 

inclusive use of Schmidt and Wilcock (2008), whereby degradation refers to any 

process that evacuates sediment that need not involve a net change in mean bed 

elevation. This distinction, and the correspondent aggradational distinction, 

recognizes the finer-scale adjustments, or reorganizations, occurring within a channel 

that can change both the shape and the mean bed elevation of a cross-section. The 

conceptual framework, as formulated, is not able to predict the decrease in relief due 

to reorganization of sediment at a location rather than change in mean sediment 

thickness. For example, in Figures 9C and 11C, there was little change in mean 

sediment thickness between 2008 and 2009/2010, but there was erosion of the bar top 

and deposition within the pool, yielding near 0 r* values with no change in z*, which 

forms a vertical trajectory between the 2008 and 2009 points. Even though this 

particular example may simply reflect the migration of bedforms and cross-overs, a 

conceptual model that takes into account the number of organizing flows or time over 

which numbers of organizing flows may occur could be better suited for these 

situations where the mean bed elevation is stable, but the deposit is immature. An 

alternate conceptual framework (Figure 12) that incorporates the temporal component 
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of relief development into its formulation by including the rate at which the mean 

sediment thickness is changing could perhaps capture the role of reorganizing flows. 

For instance, the curve depicted within this framework in Figure 12 implies that rapid 

deposition may drown bar-pool morphology but smaller deposition rates may be 

accommodated by the rearrangement of the bed forms or stabilization of the bars and 

banks by vegetation or consolidation. The actual time for reorganization or for a 

number of reorganizing flows is not explicit within this framework, but is tied to the 

transport and storage relations relevant to the channel and the reservoir deposit. Lisle 

and Church (2002) propose a conceptual two-phase transport-storage relation (their 

Figure 9), whereby sediment export is initially high during the first of the two phases 

due to high availability of stored sediment but declines dramatically in the second 

phase as stored supply declines and bed armoring forms. This relation has interesting 

connections to the notion of channel recovery proposed by Madej et al. (2009) and 

has relevance to the issues associated with eroding and transporting impounded 

reservoir sediments. Perhaps, integrating the two-phase transport-storage relation 

proposed by Lisle and Church (2002) along a longitudinal profile with the alternate 

conceptual framework could be a useful formulization. Indeed, the two-phase model 

seems to capture the general behavior associated with the evacuation of reservoir 

sediment, such as Marmot, where sediment evacuation is initially very rapid when the 

deposit is large and the grade at the toe of the deposit is steep, and subsequently 

declines through time as the available sediment volume and grade decrease.   
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The conceptual framework may be a useful tool for both dam removals and 

sediment pulse research. The variables within the framework seem to capture the 

different behaviors and changes to channel morphology at the two field sites, and 

therefore, they may be useful metrics for describing morphological change following 

the introduction of a sediment pulse. The conceptual framework may be useful in 

application to dam removal by generating expectations of two-dimensional 

morphological responses to changes in one-dimensional sediment thickness that are 

provided by numerical sediment transport models. In future application, if pre-

removal cross-section data is unavailable or reach of interesting is devoid of 

topography due to sediment deficient conditions, maximum relief may be estimated 

by using cross-channel bedslope formulae, such as Ikeda (1989) or Lancaster (1998), 

to predict centerline bedslope and applying this calculated bedslope across the 

bankfull width of the channel. Although the hypothesis is not completely supported 

by the data, it seems to describe some of the observed behaviors, at least on a cross-

section by cross-section basis. The data, when viewed within the conceptual 

framework, show the range of morphological responses that may ensue following 

removal. The conceptual framework effectively illustrated our hypothesis and may be 

of use in sediment pulse research for testing other hypotheses regarding the effects of 

an instantaneous pulse of sediment on bar-pool morphology. 
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Figure 14. Alternate conceptual framework. Changes in normalized bed relief (r*) 
are a function of the rate of change of normalized bed sediment thickness (dz*/dt).  
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7. CONCLUSION 

There were two primary goals of this study. The first was to present and evaluate a 

conceptual framework for visualizing dam removal data and explicating hypotheses 

describing the response of bed relief to changing sediment thicknesses in order to 

advance understanding of the range and types of morphological responses possible in 

a bar-pool channel following the release of a sediment pulse. The second was to 

compare the trends between bed relief and mean sediment thickness set forth by a 

simple geometric hypothesis with field data from two dam removals. This research 

shows that the conceptual framework is a useful means for visualizing dam removal 

data and explicating hypotheses regarding the ways channels distribute sediment in 

responses to one-dimensional changes in sediment thickness. The variables used in 

conceptual framework captured the different behaviors and changing morphologies 

observed in the cross-sectional data at each field site. However, the procedure for 

normalizing the variables needs to be modified. Although there was some data that 

the hypothesis did not describe sufficiently, the confirmation of the general trends of 

the hypothesis in much of the data make it a good starting point for estimating the 

range of responses to dam removal of alluvial channels that exhibit bar-pool 

morphology and developing more physically detailed and site specific hypotheses. 
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