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Abstract 20 

The relationships between flow hydrology, topography, and channel change in mountain 21 

rivers is important to understanding landscape evolution, the structure and persistence of aquatic 22 

habitat, and also the physiochemical cycling of upstream derived organic and inorganic 23 

materials.  There is a paucity of detailed studies that analyze the joint roles of hydrology and 24 

topography in controlling multiple mechanisms of channel change in mountain rivers. In this 25 

study, gravel and cobble channel change in a bedrock river canyon were analyzed in light of a 26 

controlled yet natural experiment where 4,491 metric tonnes of rounded gravel and cobble was 27 

augmented below a sediment-barrier dam in a 1,200 m long mountain river reach that had no 28 

prior sources of rounded gravel or cobble and still experiences floods above the bankfull 29 

discharge.  The overall study goal was to investigate how flow hydrology can modulate multiple 30 

channel change processes depending on the topographic features engaged by the flow.  Channel 31 

change was assessed via differencing of high resolution repeat topographic and bathymetric 32 

surveys, along with cm-scale aerial photography post injection.  Statistical tests used to implicate 33 

topographic feature-specific mechanisms of channel change that vary with discharge included 34 

analyzing geomorphic covariance structures of flow dependent width, bed elevation, and channel 35 

change as well as autocorrelation of flow width spatial series.  Stage dependent topographic 36 

steering was inferred from associations of erosion and deposition with changes in 2D model 37 

derived flow directions at multiple discharges.  A variety of mechanisms of channel change were 38 

qualitatively and quantitatively confirmed including particle hiding, topographic steering, 39 

eddying, and flow convergence. No single mechanism explained the observed patterns of 40 

channel change but rather it is thought that process-blending occurs, as modulated by the 41 

interactions of flow hydrology with complex topography.  Results from this study suggest that 42 



 

 

both existing channel boundary variability and input hydrologic variability work together to 43 

create hydrodynamic spatial patterns that control the fate and transport of sediments in mountain 44 

rivers and ultimately their spatial structure.   45 

46 



 

 

1 Introduction 47 

 48 

Mountain rivers are important corridors linking upland and lowland environments as well 49 

as mediating the supply, transport, and storage of organic and inorganic materials (Hynes, 1970; 50 

Wohl, 2000). Further, mountain rivers are often confined by immobile topographic features such 51 

as bedrock and large boulders with channel gradients commonly exceeding 1% (Grant, 1990; 52 

Grant and Swanson, 1995; Wohl, 2000; Wohl et al., 2004).  This leads to these types of rivers 53 

having steep hydraulic rating curves initiating rapid transport of smaller sand and gravel 54 

fractions within a larger structural matrix formed by large, century scale floods nested within an 55 

even larger geological context (Wohl, 2000; Fryirs and Brierely, 2010). A plethora of studies 56 

have sought to understand the complex feedbacks of channel topography, flow-dependent 57 

hydrodynamics and channel change of the more mobile gravel fraction, but usually these studies 58 

are limited to the morphological-unit (i.e., 100-101 channel widths) spatial scale of analyses (e.g., 59 

Rathburn and Wohl, 2003; Wohl and Legleiter, 2003; Hassan and Woodsmith, 2005; MacVicar 60 

and Roy, 2007).  Contrasting these morphological-unit-scale studies is an emerging view in 61 

fluvial geomorphology that rivers are systems with multiple scales of variability (Fonstad and 62 

Marcus, 2010; White et al., 2010; Carbonneau et al., 2012), necessitating the study of larger 63 

areas while retaining the same level of detail.  While the importance of mountain rivers within 64 

fluvial systems is understood, there is still a gap in how multiple scale-dependent mechanisms of 65 

channel change relate to topography and flow hydrology in mountain river reaches.  In this 66 

article a diverse array of state-of-the-art methods of fluvial geomorphic inquiry, such as two-67 

dimensional (2D) modeling, spatially explicit topographic change detection with uncertainty 68 



 

 

analysis, and geospatial/statistical analyses were coupled with pre- and post- experiment datasets 69 

to evaluate the relationship between channel change, river corridor topography and hydrology. 70 

 71 

1.1 Linkages among channel change, topography, and hydrology in mountain rivers 72 

 73 

The interplay between antecedent topography, boundary resistance, sediment supply, and 74 

flow stage and discharge produce a variety hydrodynamic and sediment transport processes that 75 

can mediate channel change in rivers.  The topography of mountain rivers, however, consist of a 76 

mosaic of landforms (Montgomery and Buffington, 1997; Wohl and Merritt, 2001) comprised of 77 

relatively immobile materials such as coarse grained alluvium and bedrock, upon which finer 78 

gravel, cobble, and sand fractions interact (Cenderelli and Cluer, 1998).  Variations in mobility 79 

of existing and incoming material, along with local bedrock geology, leads channel topography 80 

in these types of rivers to be layered with multiple scales of topographic variability (O’Connor et 81 

al., 1986; Fryirs and Brierely, 2010).  Because of the diversity of topographic features a variety 82 

of depositional and erosive forms are present, each occurring from a combination of channel 83 

change mechanisms.   84 

Some of the most commonly reported mechanisms of channel change in mountain rivers 85 

are particle trapping (Brayshaw, 1985; Grant et al., 1990), topographic steering (Whiting and 86 

Dietrich, 1991; MacWilliams et al., 2006), eddying (Lisle, 1986; Rathburn and Wohl, 2003; 87 

Woodsmith and Hassan, 2005; Thompson et al., 2009), flow convergence (MacWilliams et al., 88 

2006; Harrison and Keller, 2007; Thompson, 2011), and backwatering from broader scale valley 89 

changes in flow width (Cenderelli and Cluer, 1998; Howard and Dolan, 1981; White et al., 2010) 90 

large debris jams (Howard and Dolan, 1981; Montgomery et al., 2003), or at tributary junctions 91 



 

 

(Table 1).  Each of these mechanisms is associated with specific scales of topographic variability 92 

and may act within different ranges of the daily flow exceedance hydrology.  At all channel 93 

mobilizing flows selective deposition through particle trapping can occur upstream and within 94 

non-mobile topographic and grain scale features < 10-1 channel widths, such as bedrock 95 

fractures, outcrops, individual boulders and large cobbles, as smaller bedload particles in motion 96 

will accumulate upstream of these features or within interstitial pockets (Brayshaw, 1985; Grant 97 

et al., 1990).  Topographic steering occurs when water flow direction is controlled by immobile 98 

topographic features such as boulders, bedrock, and alluvial deposits.  Material in transport can 99 

be steered by the main flow direction and effectively pushed into immobile topographic features 100 

creating depositional forms, or deposit due to particle trapping.   For flows equal to or greater 101 

than bankfull (e.g. <50% daily flow exceedance) morphological-unit scale features can induce 102 

channel curvature that may create positive feedbacks between topographic steering of the flow 103 

field, secondary flow circulation, inward (i.e. towards the origin of curvature) deposition due to 104 

cross channel variations in sediment competence, and inward transport at the bed (Whiting and 105 

Dietrich, 1991; MacWilliams et al., 2006).  Although poorly studied, flow directions in rivers 106 

often change with increasing discharge, meaning that a variety of complex responses can occur 107 

between discharge, flow direction, sediment transport and channel change (e.g., Rathburn and 108 

Wohl, 2003).  Flow convergence is the stage-dependent funneling of flow from riffles to pools, 109 

mediated by variations in flow width and bed elevation (MacWilliams et al., 2006; Harrison and 110 

Keller, 2007; Thompson,2011).  The mechanism posits that for undulating bed topography 111 

consisting of a riffle and pool at low flows (e.g. >90% daily flow exceedance) peak velocity and 112 

shear stress occur over the riffle.  At bankfull flows and higher (e.g. <50% daily flow 113 

exceedance) constrictions adjacent to the pool can create narrow jets of lateral and vertical flow 114 



 

 

convergence that enhance turbulence and bed shear stresses that form and maintain pools.  115 

Above the constriction a backwater can form, leading to deposition and maintenance of the 116 

upstream riffle.  Flow convergence can be induced through hydraulic-unit to morphologic unit 117 

scale (10-1-101 channel widths) topographic features such as gravel bars (MacWilliams et al., 118 

2006; Sawyer et al., 2010) large boulders (Harrison and Keller, 2007), large streamwood 119 

(Buffington et al., 2002) and bedrock outcrops (Lisle, 1986; Wohl and Legleiter, 2003; 120 

Woodsmith and Hassan, 2005; MacVicar and Roy, 2007).  Related to flow convergence, 121 

recirculating eddies below channel constrictions can also cause deposition of finer materials in 122 

transport (Lisle, 1986; Rathburn and Wohl, 2003; Woodsmith and Hassan, 2005; Thompson et 123 

al., 2009).  Moreover, larger scale changes in valley width at expansion zones associated with 124 

morphological unit and reach scales are thought to promote depositional features from 125 

backwatering that may promote deposition and increase bed relief, which in turn can provide 126 

positive feedbacks with the prior scale-dependent sediment deposition mechanisms mentioned 127 

earlier (Cenderelli and Cluer, 1998; Howard and Dolan, 1981; White et al., 2010), but the effect 128 

of these features is only prominent at flood discharges (e.g. <10% daily flow exceedance).  129 

While these mechanisms have ranges of spatial scales associated with topographic variability, 130 

the flow stage also mediates how each one of these features is activated into contributing to 131 

channel change.   132 

The goal of this study was to investigate the hydrologic modulation of scale-dependent 133 

topographic features that control channel change in mountain rivers. A unique opportunity to 134 

consider this problem was presented when 4,491 metric tonnes of gravel ranging from 6-128 mm 135 

was quickly injected directly below a dam for spawning habitat rehabilitation (Pasternack et al., 136 

2010) in a mountain river with no other sources of gravel/cobble sediment supply and virtually 137 



 

 

no storage of those sizes of river-rounded alluvium in the system.  Several tests are employed to 138 

investigate the hydrologic modulation of process blending of multiple channel change 139 

mechanisms through the activation of complex boundary topography (Table 2).  Channel change 140 

was inferred from topographic change detection (TCD) analyses of pre and post gravel injection 141 

digital elevation models (DEMs), ground based observations, high resolution kite-blimp 142 

photography.  This provided qualitative and quantitative evidence of where channel change 143 

occurred after the injection.  Of the mechanisms discussed in Table 1 only topographic steering, 144 

flow convergence, and eddying are explored here, but particle trapping was examined 145 

qualitatively.  Valley scale backwatering could not be investigated because the flow record 146 

during the study period did not allow for it to be assessed explicitly, but inferences are made 147 

from prior flood observations.  Because different processes can occur simultaneously, several 148 

statistical analyses were employed to test associations among topographic change, serial 149 

covariance of flow dependent channel geometry, and changes in flow direction to assess the role 150 

of channel topography on the spatial patterns of channel change.   151 

 152 

2 Study Reach 153 

 154 

The location for this experiment was the Englebright Dam Reach (EDR) of the Yuba 155 

River located below Englebright Dam in California, USA (Fig.1 a).  This reach has been studied 156 

and extensively documented by Pasternack et al. (2010); herein only information relevant to this 157 

study is recounted.  The EDR is a 1,200-m long mountain river reach with an overall slope of 158 

0.31% and an existing substrate of bedrock, large cobbles (e.g. >250mm) pre-dating dam 159 

construction, angular shot rock (>0.5m) and boulders (>1m), with the last two stemming from 160 



 

 

natural landslides of shallow, weathered bedrock and bedrock blasting of canyon walls during 161 

dam construction circa 1940.  The bankfull discharge and width have been estimated by prior 162 

authors to be 141.5 m3/s and 59 m, respectively (Wyrick and Pasternack, 2012).  Numerous 163 

bedrock outcrops exist along the channel banks, ranging 10-1-102 channel widths (Fig.1).   164 

Bedrock canyon walls confine the river, though there are two cobble/boulder bars at canyon 165 

expansions. The upstream expansion consists of a cobble bar on river left with a rapid centered 166 

on station 655 that impinges into a bedrock outcrop (Fig.1 a,c).  The downstream expansion is 167 

the largest in the reach and has a very large cobble/boulder bar on river right that extends to the 168 

downstream study limits (Fig.1 a,b).  This alluvial bar has been depositional despite several large 169 

floods and has subsequently coarsened due to the lack of gravel in the river, consisting of large 170 

boulders and angular shot rock (Pasternack et al., 2010).  A large 5 m high by 3 m wide boulder 171 

is also present on river right at station 580.  Centered at station 200 there is also a riffle that has 172 

persisted since 1908 (Pasternack et al., 2010), with a pool located above and below centered at 173 

stations 290 and 90, respectively.   There are no tributaries in the study reach, but Deer Creek is 174 

located just below the study limit.   175 

A gravel injection project took place immediately downstream of the second powerhouse 176 

located below Englebright Dam (Fig. 1). A total of 4,491 metric tonnes of gravel/cobble 177 

sediments ranging from 16 to 128 mm was sluiced into the river as weather permitted during 178 

November 2010 to January 2011 when discharges were approximately 1/3 to 1/2 of the bankfull 179 

discharge. Bathymetric mapping of the injected sediments within the river commenced 180 

immediately after injection on January 17th, 2011.  While the study reach is in a regulated river, 181 

flows above 117 m3/s still overtop the dam so natural aspects of the hydrograph are still retained 182 

such that the reach still experiences large floods capable of considerable topographic change 183 



 

 

(Pasternack et al., 2010).  Between the gravel injection in January of 2011 and May of 2011 there 184 

were several flood events ranging from 226 to 538 m3/s that were well above the bankfull 185 

discharge of 141.5 m3/s (Fig. 2).  The first two events were rain-driven with sharp peaks and 186 

gradual receding limbs, while the remaining events were driven by a mixture of rain and snow 187 

with more gradual rising and receding limbs. 188 

 189 

3 Experimental Design 190 

To test the study hypotheses several field and numerical tools common to modern fluvial 191 

geomorphic inquiry were coupled with new analyses of channel geometry and topographic 192 

change.  The methods are detailed in section 4 below, but an overview is provided here to put 193 

them in the context of the whole experimental design.  First, bathymetric and topographic 194 

channel surveys before and after gravel/cobble injection were conducted between flood seasons 195 

and used to create pre- and post-season DEMs.  Second, spatially explicit topographic change 196 

detection with uncertainty analysis (Carley et al., 2012) was used on the DEMs to map patterns 197 

of statistically significant topographic changes caused by the floods.  Third, a 2D hydrodynamic 198 

model was validated and used to simulate the spatial patterns of wetted width, depth, velocity 199 

magnitude, and velocity direction for discharges of 28.3, 141.5, and 242.8 m3/s, representative of 200 

baseflow, bankfull, and flood discharges, respectively.   These instantaneous flows represented 201 

daily flow exceedance probabilities of 0.1, 56, and 99% during the time period between the 202 

injection and the post flood survey and 45, 82, and 99% daily flow exceedance probabilities 203 

(Wyrick and Pasternack, 2012).  Finally, statistical analyses tested associations among 204 

topographic change, serial covariance of flow dependent channel geometry, changes in flow 205 

direction, and flow-dependent changes in the autocorrelation of flow widths. 206 



 

 

To evaluate the mechanisms responsible for channel change in the field-scale experiment, 207 

both qualitative description and quantitative hypothesis testing were used (Table 2).  First, a 208 

topographic change detection (TCD) analysis was performed to generate a data set representing 209 

statistically significant areas of channel change.  This was paired with ground observations and 210 

high-resolution kite-blimp photography to ground more sophisticated analyses with standard 211 

geomorphic observations.  Then, using the TCD data three different quantitative tests were used 212 

to assess how various scales of topography and hydrology control channel change.   213 

The first test was a spatial series covariance of flow widths and bed elevation versus 214 

topographic change for the three discharges modeled, aimed at understanding morphological unit 215 

to reach scale channel change associated with flow convergence and changes in flow 216 

competence.  This test evaluated whether channel change was spatially correlated with the 217 

standardized residuals of flow width or bed elevation, while the latter was detrended.  For 218 

example, by simple flow continuity deposition may preferentially occur in wider areas that have 219 

lower average velocities and erosion in narrower areas where velocities would be relatively 220 

higher.  Using this test on multiple flows captures the hydrodynamic activation of topographic 221 

features that control channel width from low to flood flows.  Changes in flow width were 222 

hypothesized to control patterns of channel change, because of the linkages between flow-223 

dependent width and flow convergence (Table 1).  Before correlating these variables with 224 

channel change, first they were correlated with the peak velocity to understand whether one or 225 

the other was associated with discharge.   226 

The second test was a correlation of topographic change versus the change in 2D model 227 

derived flow direction for each model domain point relative to the main flow direction for the 228 

same three discharges.  In this case, this test evaluated whether flow direction changes control 229 



 

 

patterns of topographic change and how this changes with flow.  Channel change was 230 

hypothesized to correlate strongly with the main flow path and thus be strongly associated with 231 

minor deviations (e.g. < 30 degrees) in flow direction.  This relationship was hypothesized to 232 

peak at the flood discharge, but that as flow decreases a wider domain of flow direction changes 233 

will be associated with channel change, specifically deposition.  The reasoning is that higher 234 

discharges push gravel into obstructions and topographic features and that these frontal deposits 235 

in turn steer flow paths at the base flow.    236 

The final test analyzed the autocorrelation of the flow width series to infer the spatial 237 

scales of correlations and how these change with discharge.  As discharge increases the spatial 238 

correlations of flow width was hypothesized to also increase, implying that broader scale features 239 

dominates these spatial series and ultimately, channel change. Together these tests along with a 240 

qualitative assessment of channel change, topography and flow direction were used to assess the 241 

role of topographic and hydrologic variability on controlling channel change. 242 

 243 

4 Methods 244 

 245 

The methods for this study were detailed in a technical report (Brown and Pasternack, 246 

2012) available to the public online (http://pasternack.ucdavis.edu/research/projects/river-247 

rehab/cobblegravel-injection/), so herein methods for data collection, 2D modeling, topographic 248 

change detection, and data analysis are briefly summarized. 249 

 250 

4.1 Topographic and bathymetric mapping 251 

 252 



 

 

Topographic maps were made in 2007 before the injection (Pasternack et al., 2010) and 253 

approximately 10 months after the gravel injection (Pasternack et al., 2010; Brown and 254 

Pasternack, 2012). Bathymetric observations were made by boat using a single-beam 255 

echosounder coupled to a real-time kinematic global positioning system (RTK GPS). Wadable 256 

bathymetry and the terrestrial river corridor were mapped at the outset using a robotic total 257 

station. Valley walls were also mapped at the outset, but using a reflectorless total station.  For 258 

the most distal hillsides and bedrock walls not very relevant to this study but necessary to 259 

complete the map, elevations were taken from a 1999 DEM made using photogrammetry by 260 

Ayres Associates.  The point density for the pre injection topography was 1.6 points per square 261 

meter, while the post injection point density was 0.8 points per square meter.   262 

 263 

4.2 2D modeling 264 

 265 

2Dmodeling was done using Surface water Modeling System 10.1 for computational 266 

mesh preparation and Sedimentation and River Hydraulics- Two-Dimensional (SRH-2D) for 267 

solving the depth-averaged St. Venant equations.  Model outputs include point based water 268 

surface elevation, water depth, depth-averaged velocity components, depth-averaged water 269 

speed, Froude number, and shear stress.  For more information, see 270 

http://www.usbr.gov/pmts/sediment/model/srh2d/index.html as well as the 2D modeling 271 

textbook by Pasternack (2011). Three computational meshes with ~ 1 m internodal spacing were 272 

made to span 2.5 orders of magnitude of flow (e.g. apprximately 19.8 to 2830 m3/s).  Discharge 273 

data was obtained from the U.S. Geological Survey gaging station (#11418000) located in the 274 

model domain.  Turbulence closure was achieved with a k-ε model.  Exit water surface 275 



 

 

elevations were measured periodically, while those for unmeasurable higher flows were 276 

estimated by extrapolating the values from the nearby gage downstream ~ 730 m on the basis of 277 

observed water surface slopes.  The model was validated at six different flows ranging between 278 

23.3 and 27.3 m3/s for mass conservation, water surface elevation, velocity magnitude, and flow 279 

direction. For brevity, the validation for a flow of 24.1 m3/s is reported herein (see Brown and 280 

Pasternack, 2012 for full details).  Mass conservation assessments were done for all modeled 281 

discharges that compared inflow versus outflow and the error was < 0.01%.  For water surface 282 

elevation the absolute deviation from measured and modeled values ranged from 0.008 to 0.076 283 

m with 50% of the deviations less than 0.03 m.  The coefficient of determination for modeled 284 

versus measured velocity magnitude was 0.76.   Unsigned errors (e.g. absolute value of both 285 

positive and negative flow direction change) for velocities > 0.6 m/s were 11%, while those < 0.6 286 

m/s were 21%.  For flow direction the average and median signed angle deviations were 1.3˚ and 287 

1.1˚, respectively, while the same values for unsigned deviations were 5.9˚ and 4.8˚, respectively.  288 

Overall, the 2D model was validated very thoroughly and met common standards, so it was 289 

deemed a legitimate tool for assessing hydrodynamic patterns capable of controlling channel 290 

change. 291 

 292 

4.3 Topographic change detection 293 

 294 

Topographic change detection (TCD) is an emerging tool in fluvial geomorphology 295 

(Wheaton et al., 2009; 2010; Carley et al., 2012) where a raster grid of topography from one 296 

period is subtracted from another with the resulting difference indicating the locations and 297 

magnitudes of landform change.  Modern topographic change detection differs from simple 298 



 

 

DEM differencing in that a spatially distributed statistical significance can be associated with 299 

each topographic data set that explicitly incorporates instrument and interpolation errors along 300 

with intrinsic surface variability (Milan et al., 2011).  In this study the Carley et al. (2012) 301 

method of accounting for uncertainty with geomorphic change detection was utilized to perform 302 

topographic change detection.  This method is based on the idea that locations where there is a 303 

lot of topographic variation in the raw point data for a topographic map are the ones that are most 304 

uncertain.  Because of the significant role of the rapid downstream of the USGS gaging station in 305 

serving as a topographic control on channel hydraulics, the EDR was divided into two sections- 306 

one upstream and one downstream of the rapid- for TCD analysis (Fig. 1).  Each section of the 307 

canyon was evaluated for change in the epoch from the date of last survey of the baseline map 308 

(November, 2007) to the date of the post-floods survey in the dry season (October, 2011). In 309 

addition, two intermediate TCD analyses for the upstream zone were performed for i) the 310 

baseline DEM and the pre-flood season DEM mapped in January, 2001 and ii) the latter data set 311 

and the post-flood DEM.  These were meant to account for the addition of injected sediments as 312 

well as their export over the flood season.  All TCD analyses used 0.9 meter grids and only used 313 

statistically significant changes (p < 0.05).  In addition to the base TCD analysis, histograms of 314 

erosion and deposition were produced to infer the modes of channel change although they are 315 

only described here for brevity.  316 

 317 

4.4 Aerial kite-blimp imagery 318 

 319 

Deposits occurring from particle trapping were too thin to detect from the TCD analysis 320 

due to the inherent roughness of the pre-injection topography.  As an aid for locating deposits 321 



 

 

from particle trapping, as well as confirming the predicted TCD spatial extents, ~ 5x5-cm2 322 

resolution aerial imagery was collected with a tethered helium kite-blimp and used along with 323 

field observations to map visible new gravel deposits.  This was possible because the injected 324 

sediments were brighter and rounder than the existing substrate.  Imagery was taken in autumn 325 

2012 with a 14.7 megapixel digital camera (Canon Powershot SD990 IS).  Agisoft Photoscan 326 

was used to mosaic images and then the mosaic was georectified in ArcGIS using surveyed 327 

aerial targets. 328 

 329 

4.5 Data analysis 330 

 331 

Once TCD analysis, aerial imagery analysis, and 2D modeling were complete, results 332 

were processed to generate data sets tailored to the three tests outlined above in section 3.  For 333 

geospatial analysis of rivers it is important to recognize that river topography is anisotropic, 334 

which precludes the use of Cartesian coordinates in analysis (Merwade et al., 2005).  To account 335 

for anisotropic variations a centerline needs to be established so that the river can be placed with 336 

an orthogonal, curvilinear coordinate system (Smith and McLean, 1984; Leigleiter and 337 

Kyriakidis, 2006) that can facilitate analysis relative to the main flow direction of the river. To 338 

create a centerline for the curvilinear coordinate system, the product 𝑑! ∗ 𝑣!  , where 𝑑!is the 339 

depth and 𝑣! is the velocity at node 𝑖 in the model domain, was calculated for each grid cell of 340 

the depth and velocity model outputs at the bankfull flow of 141.5 m3/s.  Once a grid of 𝑑𝑣 was 341 

made a path was defined along the greatest values going from downstream to upstream 342 

(Pasternack, 2011) and this was used as the reference centerline for all further analyses.  Finally, 343 



 

 

the thalweg was stationed every 0.9 m to be consistent with the resolution of the topographic 344 

data and the 2D model mesh.   345 

 346 

4.5.1 Geomorphic covariance structures and channel change 347 

 348 

A geomorphic covariance structure (GCS) is a spatial covariance plot of two standardized 349 

geomorphic series, such as bed elevation and channel width, that can be used to infer spatially 350 

explicit relationships between variables (Brown et al., submitted).  This paragraph explains the 351 

types of GCS analyses performed while the latter explains both data extraction and the statistical 352 

significance testing employed.  For this study, several pairs of GCS’s were analyzed. The first 353 

GCS analyzed was between the 2D model derived flow width (W!") and detrended, centerline 354 

bed elevation (Z!), where 𝑖 indexes the stationing along the thalweg and 𝑗 indexes discharge, to 355 

determine if statistically significant areas were present and how they change with flow discharge.  356 

This GCS was compared with the detrended, pre injection topography to relate GCS structure 357 

with specific topographic features.  Next, this GCS was compared with the patterns of 358 

standardized, 2D model derived centerline velocity (V!") to determine if the GCS structure and 359 

velocity signal had similar patterns, and could thus if they could be used to indicate whether flow 360 

convergence occurred.  This was done to determine if reversals or phasing of V!"  occurred, and if 361 

this was associated with W!" and/or Z!. In areas where flow convergence is present it is expected 362 

that a reversal or phase shift in the velocity signal will occur between riffle and pool units 363 

(Wilkinson et al. 2004; MacWilliams et al., 2006).  Bivariate Pearson’s correlation coefficients 364 

(𝑟) values were also calculated between V!" and W!" and V!" and Z! to determine if flow width or 365 

bed elevation were related to the velocity signal and how that changed with discharge. After 366 



 

 

establishing a relationship (or lack thereof) between flow width, bed elevation, and peak 367 

centerline velocity, an additional GCS analysis was performed with the volume of topographic 368 

change associated with each channel thalweg node, and W!" and Z! to determine if and where 369 

either were associated with channel change.  This GCS does not explicitly rely on a particular 370 

mechanism, but evaluates the role of stage dependent oscillations in flow width and bed 371 

elevation in modulating perhaps several mechanisms in controlling channel change.  Finally, the 372 

bivariate Pearson’s correlation coefficients (𝑟) of covariances were calculated between 373 

combinations of the channel change,W!", and Z! and assessed at the 95% confidence limit to find 374 

out if any of them were interdependent. 375 

To perform the above analyses data had to first be extracted and then analyzed 376 

statistically.  Bed elevation data was sampled along the thalweg as described in Section 4.5.  For 377 

flow width series, transects were created at each station and clipped by the wetted area polygon 378 

for each discharge simulated.  The length of each clipped transect with distance along the 379 

centerline gives a series of flow width.  Similar to the channel-referenced flow direction analysis 380 

described above, a spatial series of the volume of topographic change for each stationing node 381 

was determined using a nearest point algorithm in ArcGIS 10.1. The GCS between paired series 382 

was calculated from detrended, standardized series residuals by the product 𝑥!"#,! ∗ 𝑦!"#,!,where 383 

the subscript std refers to standardized values of two variables 𝑥 and 𝑦 at location 𝑖 along the 384 

centerline.  To extract series, the thalweg was used to sample bed elevation and flow widths at 385 

each 0.9 m spaced node.  With regards to the spatial series of flow width and bed elevation only 386 

the latter was detrended, because the downstream variation in width was hypothesized a priori to 387 

be a controlling factor on topographic change.  Next, each series was standardized by the mean 388 

and variance of the entire series (Salas et al., 1980) and cross multiplied to yield a series of 389 



 

 

spatial covariance.  To test each standardized series for normality a chi-square test was 390 

performed, and all data series were significant (𝑝 = 0.05).  Because the data was standardized, 391 

successive increments from 0 indicate increasing significance, analogous to Z-scores.  The 392 

hypothesis for this test has two parts; (i) there are statistically significant correlations between 393 

flow width and channel change and (ii) the correlation strength increases with discharge.  Serial 394 

correlations of flow width and channel change were assessed at both the the 67% and 95% 395 

confidence intervals.  Bivariate correlations of each flow specific flow width and channel change 396 

population were assessed at the 95% confidence level. 397 

 398 

4.5.2 Flow direction change and channel change 399 

 400 

To evaluate the relationship between flow-dependent topographic steering and channel 401 

change, each channel change cell was associated with the change in 2D model derived flow 402 

direction at each model node.  Unlike most 2D modeling studies, this study actually validated 403 

flow direction, making it suitable for use in geomorphic analysis.  A novel approach was used 404 

here to analyze the change in flow direction for each 2D model point relative to the channel 405 

centerline.  Consider the two velocity components of a 2D flow point within the model domain, 406 

𝑉! and  𝑉!, where 𝑉! is the 𝑋 component and  𝑉! is the 𝑌 component of the total resultant velocity 407 

vector, 𝑉.  The two components are related to the total resultant velocity magnitude by 408 

𝑉 =   𝑉!! + 𝑉!! and the direction is determined by the absolute angle, 𝜃, given by tan!! !!
!!

.  409 

This was done for each model output point and also each centerline node yielding the absolute 410 

angles, 𝜃!" and 𝜃! respectively.  To determine the angle associated with a Cartesian plane, 𝜃!, a 411 

linear shift was applied depending on which quadrant the point lied in.  The shift is 0 degrees for 412 



 

 

points in quadrant I, 180 degrees for quadrants II and III, and 360 degrees for quadrant VI.  To 413 

calculate the change in direction of each 2D model point relative to the centerline a nearest point 414 

algorithm was used in ArcGIS 10 that determines the centerline node closest to each model point 415 

so that the change in direction could be calculated as ∆𝜃!" = 𝜃!" − 𝜃!.  It follows from Fig. 3 416 

that negative values correspond to flow direction changes in which a flow vector is oriented 417 

towards river right and positive values when a flow vector is oriented towards river left.  418 

Similarly, negative and positive values greater than 90 degrees correspond to flow vectors that 419 

are at the onset of eddying upstream.  After rasters of flow direction change were created, each 420 

deposition and erosion cell from the TCD analysis was then joined to the associated change in 421 

flow direction for each discharge modeled. 422 

Three-dimensional (3D) histograms were created to illustrate relationships between 423 

changes in flow direction and channel change.  This analysis does not have a traditional 424 

statistical test but relies on the qualitative inference of the patterns for each discharge dependent 425 

3D histogram.  In the case where flow direction is not an important control on channel change 426 

than it can be expected that there is no preference towards any particular direction.  If flow 427 

direction does indeed factor into controlling patterns of channel change then specific bands of 428 

flow direction change would be associated with channel change.  For example, if topographic 429 

steering (e.g. Dietrich and Whiting, 1991) controls channel change, then it would be expected 430 

that deposition and erosion would be associated with bands of minor changes in flow direction 431 

(e.g. +/-30 degrees).  It is also possible that eddying could control channel change and in this 432 

case it would be expected that channel change would be associated with a succession of 433 

directional bands ranging from 0 to 360 degrees.   Lastly, it is also important to determine if the 434 

associations of flow direction and channel change among all 3D histograms are discharge 435 



 

 

dependent or remain constant.  To present the data, only the unsigned data is shown because this 436 

level of analysis does not seek to understand whether change occurred on river right or river left.  437 

To further simplify presentation of the data, only three bins were selected: 0-30 for straight flow, 438 

30-90 for flow that may be converging, diverging, or beginning to eddy, and 90-360 for flow that 439 

has eddying.  This is a simplified classification and a more complete method of characterizing 440 

the flow structure would entail a complimentary geospatial analysis, but that was beyond the 441 

scope of evaluating the effect of topographic steering on channel change. 442 

 443 

4.5.3 Autocorrelation of flow width series 444 

 445 

Autocorrelation is the cross correlation of data values within a signal with values in the 446 

same signal but at specified lag intervals and is a basic tool for determining spatial scales of 447 

correlation.   Autocorrelation was performed for each flow width series to characterize stage 448 

dependent variability of the boundary topography and also to analyze how it changed with 449 

increasing discharge.  There are multiple variants used to estimate autocorrelation and Cox 450 

(1983) provides guidance on the selection of an appropriate function for geomorphic inquiry.  An 451 

unbiased estimate of autocorrelation for 𝑘 lags is given by: 452 

 𝑅! = 
!

!!! (!!!!)(!!!!!!)
!!!
!!!
!
! (!!!!)!!!!

!!!
  (1) 453 

where the terms !
!!!

 and !
!
 account for sample bias (Cox, 1983; Shumway and Stoffer, 454 

2006).  Statistical significance was assessed relative to white and red noise autocorrelations, 455 

where the latter is essential a first order Markov process (Torrence and Compo, 1998; 456 

Newland,1993).  The benefit of this approach is that (i) many fluvial geomorphic spatial series 457 



 

 

display autoregressive properties (Melton, 1962; Rendell and Alexander, 1979; Knighton, 1983; 458 

Madej, 2001) and (ii) it provides further context for interpreting results beyond assuming white 459 

noise properties.   The 95% confidence limits for white noise are given by − !
!
+ − !

!
 (Salas et 460 

al., 1980).  For red noise, a first order autoregressive (AR1) model was fit to the standardized 461 

residuals for each spatial series and then averaged giving a final model coefficient.  Next, 100 462 

random spatial series (each with the same number of points as the flow width spatial series) were 463 

generated, and for each one an AR1 model was produced.  The average of all 100 AR1 series 464 

was then autocorrelated as an estimate for red noise.  The decorrelation distance for each data set 465 

was inferred as the lag distance where the autocorrelation was ≤ 0.    466 

 467 

 468 

5 Results and discussion  469 

5.1 Observed channel change and topographic change detection  470 

Combining field observations, aerial imagery and the TCD analysis it is evident that the 471 

primary response of the study site to the gravel injection experiment was deposition, as expected, 472 

but there were areas of erosion, too (Fig. 4a). For the upstream area the intermediate TCD 473 

analysis for the 2007 baseline data set and immediately after the injection predicted that 4,491 474 

metric tonnes were injected in the river prior to the flood season.  A subsequent TCD analysis 475 

between the January and October, 2011 topographic data sets predicted 111 and 2,245 metric 476 

tonnes of deposition and erosion, respectively, confirming that at least 50% of the injected 477 

sediments were exported downstream.  Performing a similar TCD analysis of the upstream area 478 

for the 2007 baseline to when the river was resurveyed in October, 2011 predicted 2,996 and 18 479 

metric tonnes of deposition and erosion, respectively.  This implied that along with material 480 



 

 

export some existing bed material such as large boulders may have shifted during the flood 481 

events.  In the downstream area for the 2007 to October, 2011 period the TCD analysis predicted 482 

4,039 and 782 metric tonnes of deposition and erosion, respectively.  These analyses suggest that 483 

of the 4,491 metric tonnes introduced into the river, 80% of it was transported downstream, 484 

while the upstream deposition was a combination of existing bed materials being reworked as 485 

well as storage of some of the injected sediments. Although not shown here for brevity, 486 

histograms of erosion and deposition illustrated that both deposition and erosion occurred 487 

primarily in the 0-0.5 m range.    488 

Direct observation and blimp aerial imagery complimented TCD analysis and provided 489 

qualitative evidence for the mechanisms of channel change proposed in Table 1 that occurred 490 

between January and October 2011.  First, particle trapping occurred widespread in interstitial 491 

zones within existing bed roughness elements such as boulders, shot rock, and bedrock (Fig. 4b).  492 

These areas were not detectable by the TCD analysis but were captured via the aerial 493 

photography and field observations (blue outline in Fig. 4a).  Second, topographic steering 494 

occurred on the upstream face of the cobble bar at station 750 and just upstream of the large 495 

boulder at station 590 as well as throughout the downstream section (Fig. 4c).  Flow convergence 496 

likely occurred at the riffle-pool couplet near stations 150-200, as the downstream pool scoured 497 

and the riffle aggraded.  Further, curvature of the channel below station 430 appeared to steer 498 

flow and sediment to the outer bend where the sediment was deposited within areas associated 499 

with bedrock variability on river left opposite of the large cobble and boulder bar (Fig. 4a).  500 

Below several bedrock obstructions it appeared that deposits may have formed from eddying out 501 

of the main flow path.  Finally, at several locations channel expansions appeared to decrease 502 



 

 

velocity and cause a general tendency for deposition.  Where flow presumably moved straight 503 

through these expansions, long bands of deposited material appear to have advected downstream.     504 

Erosion from the baseline state was primarily limited to areas influenced by large 505 

bedrock protrusions that promoted local scour by convective acceleration.  Many of these were 506 

very small areas associated with bedrock outcrops on the outside of the bend downstream of 507 

station 600.  Further, the depth of erosion at these locations was less than 0.5m, which is 508 

commensurate with the size of large angular boulders in the river.  This suggests that in these 509 

areas erosion occurred at bedrock outcrops where existing coarse sediment and boulders were 510 

moved.  The largest area of erosion occurred at station 175 at a pool that was constricted by 511 

bedrock and a large cobble and boulder bar that was immediately downstream of a riffle (Fig. 512 

4a).   513 

 514 

5.2 Geomorphic covariance structures and topographic change 515 

 516 

The spatial covariance of Z!  and W!"  for the three discharges studied show that the river 517 

had a complex geomorphic covariance structure (GCS) of wetted width and detrended bed 518 

elevation (Fig. 5) related to topographic features.  Before relating the GCS structure to channel 519 

change, the change in the GCS with discharge and through space from upstream to downstream 520 

are described and the way specific topographic features may cause these changes is discussed.  521 

Starting at the upstream limit of the gravel injection at station 920 down to approximately station 522 

750 the GCS responded very little to changes in discharge (i.e. covariance is roughly constant), 523 

which is consistent with this river section being the most confined.  During low flow the cobble-524 

boulder bar on river left creates a very weak GCS, but the GCS strengthens at bankfull flow and 525 



 

 

then weakens at the highest flow modeled here, illustrating how topographic features can 526 

synchronize dynamically over a range of discharge.  Just downstream of this area is a constricted 527 

boulder and cobble rapid where covariances are negative regardless of flow, with the highest 528 

strength at the low flow.  Where the river canyon is constricted by bedrock (e.g., stations 600 to 529 

430) the GCS patterns reflect this, as the spatial patterns change very little with discharge.  Just 530 

below station 430 where the valley width opens the GCS oscillate in sign as higher bed 531 

elevations in wider areas and lower bed elevations in narrower areas produce peaks centered on 532 

stations 50, 200, and 350.  In general this analysis shows that the covarying patterns of Z!  and 533 

W!  are representative of how various topographic features synchronize or not depending on 534 

discharge. 535 

Linkages were found to exist between the GCS of channel geometry and the peak 536 

centerline velocity at each flow (Fig. 5b,c).  At the upstream limit the reach was confined and 537 

had many large boulders before transitioning into a pool.  The result was that initially velocities 538 

were relatively high, but then decayed as flow entered the pool near station 780 (Fig. 5b).  At 539 

approximately station 650 there was a statistically significant peak in velocity at all discharges 540 

analyzed in this study.  Comparing this with spatial covariance of  Z!  and W!"  showed that this 541 

was due to a negative covariance of wetted width and detrended bed elevation as this area is 542 

topographically high but narrow due to a bedrock outcrop.  Another statistically significant peak 543 

occurred at approximately stations 200 to 150, a transition from a riffle to a pool, where the peak 544 

velocity signal phased downstream with increasing discharge into the main zone of erosion 545 

predicted by the TCD analysis.   Because deposition occurred at and above the riffle and erosion 546 

in the downstream pool, this was interpreted as evidence of flow convergence, whereby the 547 

velocity signal phases from the riffle to the pool with discharge, analogous to the phase shift 548 



 

 

mechanism of riffle-pool sustainability described by Wilkinson et al. (2004).  Statistically 549 

significant low relative velocities were present but not with the same magnitude as high ones.  550 

These exceptional lows occurred in areas that were relative expansions or immediately upstream 551 

of hydraulic controls such as stations 225, 375, and 725.The bivariate correlation between 552 

combinations of V!", Z!  and W!" series showed at low flow bed elevation controlled the velocity 553 

signal but that this changed with discharge, because flow width became more correlated as 554 

discharge increased (Table 3).  For example, correlations between Z! and V! decrease with 555 

discharge, while those between V! and  W! increase.  Next, these concepts are extrapolated to 556 

illustrate how Z! and  W! can be used to infer patterns of channel change. 557 

With a linkage between GCS and topographic features established, this section describes 558 

how the GCS controlled channel change after gravel injection.  The covariances of discharge-559 

specific wetted width and detrended bed elevation with channel change showed a complex array 560 

of zones of statistically significant positive covariances (Fig. 6).  In some areas channel change 561 

was more closely associated with flow width, while in other areas bed elevation was a stronger 562 

control.  For example, near station 580 there was a statistically significant peak in the covariance 563 

of channel change and W!" at low flow, but this weakened with increasing flow until becoming 564 

negative at the flood discharge. This suggests that wetted widths at sediment mobilizing flows 565 

did not play a role in this feature.  However, inspection of the covariance of Z! and channel 566 

change showed a statistically significant peak in this area suggesting that flow width did not 567 

control channel change in this area, but bed elevation was more responsible.  In some areas, W!! 568 

and Z! may work together such as stations 50 and 470 where there are statistically significant 569 

positive peaks for both detrended bed elevation and wetted width with channel change.  For 570 

example, the covariance strength increased at the riffle near station 200 as the channel widens 571 



 

 

with discharge.  Moreover, at station 175 there was a constricted pool that was a focused zone of 572 

erosion.  This area had positive covariances of channel change and flow width up until the flood 573 

flow where the sign reversed due to the rapid increase in wetted width between the bankfull and 574 

flood flow as the water begins to overtop the adjacent cobble bar.  The covariance patterns of 575 

wetted width and channel change thus illustrate how varying and complex channel topography 576 

can affect erosion and deposition depending on how discharge interacts with these features.  577 

Bivariate 𝑟 values show that there are some interdependent fluctuations in covariances, but the 578 

more different the flow is, the more the pattern of co-dependence changes (Table 4).  For 579 

example, the bivariate correlation between covariances for the low and bankfull flow widths 580 

versus channel change was very high, but that between covariances for low and flood flows 581 

widths versus channel change was low. 582 

 583 

5.3 Flow direction change and topographic change 584 

 585 

Some of the emergent deposits shown in the TCD plots were not explained by the 586 

covariance analyses, suggesting mechanisms other than flow convergence were responsible.  For 587 

example, at approximately station 600 there was a gravel bar deposited upstream of a large 588 

boulder and regardless of discharge there was not a statistically significant covariance, which 589 

suggests that changes in flow width did not control channel change in this location.  The final 590 

test of topographic controls on channel change showed that flow steering had a strong control on 591 

channel change (Fig. 7), as evidenced by the increasingly strong associations of low flow 592 

direction change (e.g. <30 degrees) with channel change.  Starting at the lowest discharge 84% 593 

of channel change was associated with flow directions within +/- 30 degrees and this percentage 594 



 

 

increased to 97% at the highest discharge modeled.  This supports the hypothesis that 595 

topographic steering of flow and sediment was a strong control on channel change.   596 

There was, however, a decreasing association of channel change with the change in flow 597 

direction in the remaining bins that was related to more complex flow structures such as eddies 598 

(Fig. 7).  At the low flow of 28.3 m3/s there was 9% of the total channel change associated with 599 

flow direction changes between +/-90 and 360 degrees(Fig. 7a).   At the 141.5 m3/s discharge 600 

this percentage dropped to 4%, and at the highest discharge modeled it decreased further to only 601 

1% (Fig. 7c).  This further confirms that at the highest discharges topographic steering routed 602 

sediment downstream and in some cases into obstructions.  To further illustrate this 603 

phenomenon, Fig. 8 shows how flow direction changes with increasing discharge over an 604 

emergent gravel bar near station 610.  At low flow the deposit steers flow directions, at bankfull 605 

an eddy is located over it, and at the flood flow the   gravel is essentially pushed into the boulder 606 

obstruction.  Because the sharp rising limb of the flood hydrograph deposited gravel can get 607 

pushed into these zones and then effectively cut off from the main downstream path before the 608 

flow can fully route the gravel past the boulder.  Overall, this flow dependent model is similar to 609 

the Rathburn and Wohl (2003) eddy deposit model but for gravel sediments that travel as 610 

bedload. 611 

 612 

5.4 Autocorrelation of flow widths 613 

 614 

The autocorrelation of flow-dependent width series found that as flow increased the 615 

spatial scale of correlations also increased (Fig. 9).  Further, the flow-dependent autocorrelation 616 

illustrates how each flow stage is hierarchically nested within the stage above it.  For 28.3 and 617 



 

 

141.5 m3/s flow the series was decorrelated at a distance of 68 m, whereas for of 242.8 m3/s the 618 

series decorrelated at 525 m.  At ~ 175 m there were statistically significant correlations in flow 619 

width that reverse from being negative at the 28.3 m3/s and then positive at 141.5 m3/s.  620 

However, at approximately a lag distance of 350 m the magnitude of autocorrelation increased 621 

with increasing discharge.  Further, the range of lag distances associated with this peak also 622 

increased, suggesting that correlations in flow width increase in magnitude and scale with 623 

discharge.  Comparing these series to the red noise autocorrelation, all positive correlations at 624 

lags greater than 300 m were statistically significant.   The exclusively positive autocorrelation 625 

of flow width at 242.8 m3/s illustrates the effect of increasing valley width as the river corridor 626 

opens up and widens at the downstream end of the study site.  Thus, with increasing flow stage 627 

channel width becomes increasingly more organized as it begins to follow the valley walls, 628 

meaning that wide areas get larger and have the potential to attenuate larger scale depositional 629 

features.    For the EDR this has been confirmed as at least two large floods of 4,361 m3/s  in 630 

1997 and 2,707 m3/s in 2005/2006 have deposited large cobbles, angular shotrock, and boulders 631 

on the large alluvial bar below station 430 (Pasternack et al., 2010).    632 

 633 

5.5 Hydrologic and topographic modulation of process-blending in mountain rivers 634 

 635 

The complex behaviors reported in this study demonstrate that flow hydrology modulates 636 

the activation of topographic features that control channel change in mountain rivers through a 637 

diverse array of channel change mechanisms such as topographic steering, particle trapping, flow 638 

convergence, eddying, and backwatering.  The significance of this finding is that no single 639 

process controlled channel change; a continuum of hydrodynamic and sediment transport 640 



 

 

mechanisms are responsible as modulated by the interaction of flow hydrology and boundary 641 

topography.  While each of the mechanisms described earlier were partially responsible for the 642 

observed channel change, some were more prevalent in specific areas.  Selective deposition of 643 

sediments through particle trapping in interstitial zones of existing bedrock and boulder substrate 644 

occurred widespread.  Topographic steering into boulder and bedrock obstructions as well as 645 

topographic high points occurred in at least two areas, the main channel before the rapid and the 646 

face of the cobble-boulder bar at station 720 and the large boulder at station 580.  Just below the 647 

large boulder from station 570 to 530 sediments eddied out behind the obstruction.  In addition to 648 

these smaller scale mechanisms, from station 430 down to the study limit changes in flow width 649 

(flow convergence) and curvature (topographic steering) were important controls on the patterns 650 

of channel change observed.  For example, the riffle-pool unit at stations 150-200 had a 651 

downstream phase shift of the velocity signal from the low to high discharge from the riffle to 652 

the pool (Wilkinson et al., 2004).  There was also a corresponding shift in the magnitude and 653 

sign of the GCS of flow width and channel change.  This suggests that flow convergence in the 654 

pool at the higher discharges mediated pool scour and as well as the accumulation of material at 655 

the upstream riffle from reduced velocities.  Finally at the downstream limit deposition was 656 

spread amongst the channel bed as the river widens even more.  Overall, each channel change 657 

mechanism proposed occurred through the study reach depending on the type of boundary 658 

topography and whether the flow stage activated it.   659 

Fig. 10 is a conceptualization of the interplay between flow stage and the variable 660 

topography representative of complex mountain river channels that predominantly transport 661 

gravel and cobble sediments.  At the lowest discharge, when perhaps only smaller fractions of 662 

gravel are in transport, flow is steered around emergent gravel deposits, a large boulder, and 663 



 

 

bedrock walls.  At the crests of the two riffles there would be flow convergence and this would 664 

also generate an upstream backwater in the pool, so that any material transported from the riffles 665 

would be attenuated in the pools.  When the discharge is increased to where the upper two (and 666 

smaller) emergent bars are inundated, flow is steered into the boulder and converges into the 667 

adjacent pool, while downstream a recirculating eddy would form.  This would lead to increased 668 

bedload transport at the riffles and subsequent gravel deposits forming at the head of the boulder 669 

as well as any material routed through the boulder pool being pulled into the downstream eddy.  670 

Upstream of the boulder, the constriction would cause a backwater that may further reduce 671 

material transport, inducing upstream deposition.  Given an even higher discharge, the boulder 672 

would still be inundated and the lower gravel bar is partially inundated so that flow would 673 

primarily be steered by the lower cobble bar and valley walls.  At this stage the zones of flow 674 

convergence would shift to the partially constricted pool, where transported sediments would 675 

deposit on the next downstream riffle.  Further, the inundated boulder would continue to 676 

attenuate sediments that are steered into it, enhancing the depositional form at the previous flow 677 

stage.  Thus, this conceptualization demonstrates that depending on the flow stage, different 678 

topographic features can induce a suite of hydrodynamic mechanisms that can modulate channel 679 

change.  Finally, the duration of each flow magnitude would further reinforce how relevant 680 

particular topographic features are in mediating channel change.   681 

5.6 Broader implications 682 

 683 

The results of this study are relevant in at least four applications in river management and 684 

rehabilitation. First, in developed nations many mountain rivers experience some form of flow 685 

regulation from competing demands, such as whitewater recreation, sensitive aquatic species, 686 



 

 

and water supply for agriculture.  However, the joint relationship between hydrologic and 687 

topographic variability needed to maintain these environments is often not considered.  In this 688 

study it was shown that topographic features of all spatial scales are important in controlling the 689 

spatial patterns of channel change.  In regulated systems that do not account for the activation of 690 

multiple scales of topography in forming and maintaining diverse spatial habitat units there may 691 

be a risk of oversimplifying the physical template of these types of rivers.  Moreover, river 692 

restoration could benefit from this study in that both hydrologic variability and boundary 693 

topography need to be considered jointly in reinstating fluvial processes that create and form 694 

habitat.  Second, spatial covariance patterns of channel geometry may be able to predict the 695 

location and relative magnitude of channel change from river rehabilitation actions, such as 696 

gravel augmentation.  In this study, regardless of discharge or stage, areas of relatively high 697 

channel width were associated with the most deposition of injected gravels.  Therefore, it may be 698 

possible to detect channel change by simply analyzing spatial patterns of channel width and bed 699 

elevation from detrended topography.  Further, this study has shown topographic series are a 700 

valuable input to statistical analysis that can be used to infer processes in rivers generally and 701 

help in predicting their response to changes in sediment supply.  These tools may play a valuable 702 

role in detecting geomorphic processes as remotely sensed data collection continues to grow.  703 

Finally, as many topographic aspects of mountain rivers are fixed in the engineering sense (e.g. 704 

bedrock and large boulders), it is thought that flow, sediment, and woody material augmentation 705 

are the primary tools in managing and rehabilitating these types of environments. 706 

 707 

5.7 Study limitations and future work 708 

 709 



 

 

There are some limitations to this study that deserve attention.  Hydrologic variability 710 

was assessed relative to the interaction of flow magnitude and topography that occurred within 711 

the flood season, and not with flow duration, because of the temporal resolution of the TCD 712 

analysis.  Flow duration and hydrograph shape are likely important in assessing channel change, 713 

but it remains difficult to assess mountain rivers at finer temporal windows because flows do not 714 

always recede enough for data to be collected safely.  Further, as it is often stated correlation 715 

does not always imply causation, but this study utilized an extensive suite of modern fluvial 716 

geomorphic tools that give significant mechanistic interpretation to the statistical analyses 717 

performed herein.  Moreover, model direction evaluation was performed at baseflow, bankfull, 718 

and flood discharges.  Thus, this study assumes that model performance evaluated at lower 719 

discharges may be valid at higher discharges.  To date, there are no safe or feasible methods of 720 

evaluating flow directions during floods in mountain rivers, but there are also no fundamental 721 

differences in the physics of water flow either that would suggest a difference in performance.  722 

Barker (2011) and Pasternack and Senter (2011) both assessed 2D models over a wide range of 723 

flows and found no flow-dependent differences in model performance.  Further, while this study 724 

used a very well validated 2D model it could also be that 3D important mechanisms may be 725 

more responsible, especially at flood flows where bedrock features become submerged.  Future 726 

research should explore how important 3D hydrodynamics are in influencing flow direction and 727 

channel change.   These points notwithstanding the validation data presented here represent state 728 

of the science capabilities and some of the best reported data observations in the peer-reviewed 729 

literature.   730 

 731 

6 Conclusions 732 



 

 

 733 

This study used a diverse array of fluvial geomorphic tools such as high resolution 734 

bathymetric and topographic mapping, 2D modeling, topographic change detection, kite-blimp 735 

aerial photography, and geomorphic covariance analyses coupled with traditional field based 736 

observations to analyze controls on channel change in a mountain river.  While the experiment 737 

took place in a large, regulated mountain river it was relatively controlled in that none of the 738 

injected gravel or cobble size fractions were present in the reach prior to the injection.  Flood 739 

flows after the injection and the lack of existing mobile bed material led deposition to be the 740 

major response of the river to the injection.  Prior studies undeniably suggested the channel 741 

change mechanisms investigated herein, but this study fills a crucial gap between detailed field 742 

studies at smaller spatial scales and observation driven studies at larger spatial scales.   A variety 743 

of mechanisms of channel change were qualitatively and quantitatively confirmed to effect 744 

channel change including particle trapping,  eddying, topographic steering,  and flow 745 

convergence.  Perhaps most importantly, no single mechanism explained all of the observed 746 

patterns of channel change.  Rather, it is thought that process-blending of multiple mechanisms, 747 

as modulated by flow hydrology, controls channel change in mountain rivers through the 748 

dynamic activation of complex river corridor topography.   749 
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Table 1.  Channel change mechanisms investigated in this study along with approximate spatial 890 

scales of causative topographic features, approximate ranges of flow frequency they occur at, 891 

and sources from the literature.   892 

 893 

Table 2.  Channel change mechanisms and alternative hypotheses for each study test. 894 

 895 

Table 3.  Pearson’s correlation coefficient (r) between detrended bed elevation, velocity and 896 

width for 28.3, 141.5, and 282.4 m3/s to determine if they are interdependent.  Bold values are 897 

statistical significant at the 95% level.   898 

  899 

 900 

Table 4.  Pearson’s correlation coefficient (r) between various covariances of detrended bed 901 

elevation, flow width and channel change for 28.3, 141.5, and 282.4 m3/s to determine if they 902 

are interdependent.  Bold values are statistical significant at the 95% level.   903 

 904 

 905 

List of Figures 906 

 907 

Fig. 1.  Aerial photograph of study area (A).  The blue lines delineate the upstream and 908 

downstream limits of the study while the red line delineates the upstream and downstream 909 

topographic change scenarios.  The white arrows show the location and orientation of 910 

photographs (B,C).  Flow shown in both the air photo was ~28.3 m3/s. 911 

 912 



 

 

Fig. 2. Hydrograph following the gravel injection in January, 2011 up to the October, 2011 913 

surveys.   914 

 915 

Fig. 3.  Conceptual key for flow direction change analysis.  Assuming flow is downstream 916 

negative values correspond to flow direction changes in which a flow vector is oriented towards 917 

river right and positive values when a flow vector is oriented  towards river left.  Similarly, 918 

negative and positive values greater than 90 degrees correspond to flow vectors that are at the 919 

onset of eddying upstream.   920 

 921 

Fig. 4. Map of topographic change (A) for the 2007-October, 2011 epoch overlain on the blimp 922 

imagery.  The blue outline delineates sediment deposits detected through ground observations 923 

and visible in the image, but not detected from the TCD analysis.  An example of sediment 924 

deposits that were undetected in the TCD analysis due to interstitial void filling and topographic 925 

steering behind existing cobble clusters is shown in (B), taken on the cobble and boulder bar on 926 

river left at station 700.  The largest visible emergent deposit is shown in (C) where material was 927 

topographically steered into the face of the large boulder at station 580.   Flow shown in both the 928 

air photo and images was ~28.3 m3/s. 929 

 930 

Fig. 5. Map of detrended topography and flow widths (A) where the color darkness of the blue 931 

lines represent inundation extents for 28.3, 141.5, and 242.8 m3/s.  Geomorphic covariance 932 

structure (GCS) of centerline detrended bed elevation and flow width for 28.3, 141.5, and 242.8 933 

m3/s (B) and the standardized velocity signal (C) for the same three flows.  Grey lines on (B) and 934 



 

 

(C) represent one standard deviation.  Together these plots illustrate the relationship between 935 

topographic features and flow-dependent changes in the GCS and velocity. 936 

 937 

Fig. 6.  GCS of channel change with the three flows modeled (A) and with centerline detrended 938 

bed elevation (B) illustrating which areas of channel change are positively associated with 939 

changes in flow width and bed elevation.     940 

 941 

Fig. 7.  The 3D histogram of channel change and flow direction change for (A) 28.3 m3/s, (B) 942 

141.5 m3/s, and (C) 242.8 m3/s.    943 

 944 

Fig. 8.  2D model derived flow vectors overlaid on a cm scale resolution air photograph  (A) 28.3 945 

m3/s, (B) 141.5 m3/s , and (C) 242.8 m3/s.   Blue lines correspond to the 2D model predicted 946 

inundation extent for each discharge.  Flow shown in aerial images was ~28.3 m3/s. 947 

 948 

Fig. 9.  Autocorrelation of flow width for the three discharges modeled along with theoretical red 949 

and white noise processes.   The broadening of correlated length scales illustrates that with 950 

increasing discharge larger scale topographic features become activated. 951 

 952 

Fig. 10.  Conceptualization of the interplay between flow stage and topographic variability and 953 

channel change mechanisms.  The gray colors represent different relative heights of topographic 954 

features with darker colors corresponding to higher elevations.  The blue shading represents the 955 

inundation extent.  As flow stage increases flow patterns are steered by different topographic 956 

features which in turn control the channel change mechanisms described in the text.  957 
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