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Abstract 

Floods play a critical role in geomorphic change, but whether peak magnitude, duration, volume, 

or frequency determines the resulting magnitude of erosion and deposition is a question often 

proposed in geomorphic effectiveness studies. This study investigated that question using digital 

elevation model differencing to compare and contrast three hydrologically distinct epochs of 

topographic change spanning 18 years in the 37-km gravel-cobble lower Yuba River (LYR) in 

northern California. Scour and fill were analyzed by volume at segment and geomorphic reach 

scales. Each epoch’s hydrology was characterized using 15-minute and daily averaged flow to 

obtain distinct peak and recurrence, duration, and volume metrics. Epochs 1 (1999-2008) and 3 

(2014-2017) were wet with large floods reaching 3,206 and 2,466 m3/s, respectively, though of 

different flood durations. Epoch 2 (2008-2014) was a drought period with only four brief moderate 

floods (peak of 1,245 m3/s). Total volumetric changes showed that major geomorphic response 

occurred primarily during large flood events; however, total scour and net export of sediment 

varied greatly, with 20 times more export in epoch 3 compared to epoch 1. The key finding was 

that greater peak discharge was not correlated with greater net and total erosion; differences were 

better explained by duration and volume above floodway-filling stage. This finding highlights the 

importance of considering flood duration and volume, along with peak, to assess flood magnitude 

in the context of flood management, frequency analysis, and resulting geomorphic changes. 

Key words: fluvial geomorphology, DEM differencing, geomorphic effectiveness 
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1 Introduction 

What controls topographic change in a river? Fundamentally, change is measured as 

any positive or negative change in elevation (deposition and erosion, respectively) that occurs 

within the maximum boundaries of wetted extent over a designated period of time. Some broad 

physical controls on topographic change in fluvial systems include catchment-scale valley and 

channel topography (Montgomery, 1997; Peckham, 2003), sediment supply and bedload grain 

size (Carling 1988; Dietrich et al., 1989), vegetation roughness/distribution and woody debris 

(Lancaster et al, 2003; Abu-Aly et al., 2014), and hydrologic regime (Poff et al., 1997). Beyond 

these natural drivers, nearly all modern rivers change in response to human development 

including dams, channelization, mining, agriculture, or water extraction (e.g., Brown et al., 

2017). Typical effects of damming, for example, include channel widening or contraction, 

coarsening or fining of bed substrate material, and channel incision, as well as altered 

hydrologic regime due to flow regulation (Williams & Wolman, 1984; Grant et al., 2003). Lane 

(1955) identified the balance between discharge characteristics and sediment supply as the key 

in determining channel incision or aggradation trajectory. More recently, East et al. (2018b) 

asserted that understanding channel response to sediment-supply disturbance is still one of the 

longest-standing problems in geomorphic process studies and is critical to understanding 

anthropogenic effects on watersheds. 

Fluvial geomorphologists link ‘cause’ and ‘effect’ by quantifying the ability of hydrologic 

discharge to do work on a landscape through metrics such as shear stress (DuBoys, 1879), unit 

stream power (Bagnold, 1977), and geomorphic effectiveness (Wolman & Miller, 1960). Holding 

grain size and density constant, uniform channel dynamics equations dictate that higher peak 

flow leads to more erosion, as shear stress and total bed load transport scale proportionally with 

discharge. Conversely, geomorphic effectiveness studies have implicated flooding duration and 
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energy as the primary metrics that determine the magnitude of resulting topographic changes 

(Lisenby et al., 2016). The relative roles and importance of different discharge metrics are 

unclear. The overall goal of this study is to evaluate whether flooding peak flow, duration, or 

volume drives more topographic change in a gravel-cobble river setting, while accounting for 

other non-hydrologic or topographic influences within the study setting. 

1.1 Topographic change processes in rivers 

By measuring spatial patterns and temporal dynamics of erosion and deposition, fluvial 

geomorphologists infer topographic change mechanisms. Studies in fluvial geomorphology and 

morphodynamic theory have historically proposed, defined, and quantified mechanisms 

controlling change in response to topographic forcing or hydrologic events to explain why rivers 

change the way they do, with the ultimate prospect of predicting how rivers will change using 

morphodynamic models. Overall, fluvial topographic change processes (e.g., knickpoint 

migration, lateral channel migration, channel downcutting, floodplain aggradation) are governed 

by the interplay of hydrodynamic processes (e.g., particle trapping, eddying, backwatering) and 

the topographic structure controlling the river at various stages (Figure 1). Predictive 

morphodynamic models for unsteady, non-uniform flow conditions (such as those encountered 

in most rivers, in contrast with flume experiments) are progressing but exclude important 

processes and produce results with large uncertainties. Model advancements require more 

observational understanding to guide their progress (Kleinhans, 2010; Weber & Pasternack, 

2017). Through repeat topographic surveys, the processes governing secular, temporal change 

versus self-maintenance of landforms in a river may be determined. 
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Figure 1. Conceptual diagram illustrating the interplay between topographic and hydrologic 
forcing in fluvial change processes. It should be noted that this diagram is focused on internal 

dynamics and excludes sediment supply input, which can further drive river form and 
topography. 

1.2 Hydrologic regime significance  

The concept of the hydrologic regime acknowledges the significance of timing; how flow 

is distributed and its variability through time can drastically alter the effect of a particular 

discharge (Costa & O’Connor, 1995; Lisenby et al., 2016). Hydrologic regime metrics – timing, 

magnitude, frequency, duration, and rate of change – may all affect geomorphic dynamics 

(Pickup, 1976). Antecedent hydrologic conditions and climatic shifts can create conditions that 

alter the effect of subsequent discharge events in complex fluvial systems (Gray et al., 2015a). 

Flood frequency analysis relies upon characterization of flow variation and is critical for effective 

floodplain and reservoir management (Bačová-Mitková & Onderka, 2010). This method uses the 

statistical distribution of particular flows throughout the historical record to predict the recurrence 

of particular discharges in order to plan for their arrival; for example, estimation of flood 

magnitudes corresponding to chosen flooding risks or failure of a structure is an important part 

of water management engineering practice (Bezak et al., 2014). 
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1.3 Geomorphic effectiveness 

Fluvial geomorphologists quantify the ability of hydrology to do work on and change 

landscape topography through the concept of geomorphic effectiveness (Wolman & Miller, 

1960). Typical hydrologic metrics implicated and quantified in the literature include discharge 

and recurrence interval, rainfall duration and intensity, shear stress, unit stream power, and total 

flood energy (Lisenby et al., 2016). Threshold discharges above which sediment may be 

entrained and erosional processes will occur are often determined on a site-scale basis with 

consideration for mean grain size, with significant thresholds including a river’s dominant, 

effective, bankfull, and channel-forming discharges (Carling, 1988; Lenzi et al., 2006; Yochum, 

et al., 2017; East et al., 2018a).  

In uniform flow conditions, shear stress and total bedload transport scale proportionally 

with discharge and dictate that a greater peak discharge will transport and erode more 

sediment. However, a review of geomorphic effectiveness studies by Lisenby, et al. (2016) 

concluded that flood energy is the best metric by which to quantify hydrologic ‘cause’ of 

geomorphic response. Under the geomorphic effectiveness model, flood archetypes have been 

defined using the flood energy metric (Figure 2). Floods that are long-lived, but with a low peak 

(Figure 2C), as well as floods of high peak, but short duration (Figure 2A) may cause little 

geomorphic change due to lack of energy generated above alluvial erosion threshold. Floods 

that have a high peak and long duration (Figure 2B) are predicted to be the most 

geomorphically effective floods, transporting large volumes of sediment (Costa and O’Connor, 

1995). 
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Figure 2. Relationship between stream power (𝜔 in unit such as Watts/m2) and flood energy (𝛺 
in unit such as Joules) for sediment transport for three different flood archetypes. A) High peak, 

short duration flood. B) High peak, long duration flood. C) Low peak, long duration flood 
(reproduced from Lisenby et al. (2016), with permission from Wiley). 

2 Study Objectives 

Clearly, flood peak is an important component of the hydrologic regime, but just how 

significant is it in regard to geomorphic effect and topographic change when compared to 

flooding duration and energy, and the interplay of these hydrologic components? This study 

used digital elevation model (DEM) differencing with uncertainty analysis to quantify topographic 

changes at two spatial scales (segment and geomorphic reach), and then quantified specific 

hydrologic metrics to evaluate how topographic changes are driven by hydrologic and 

topographic controls independently, and in tandem. The study employed the multi-scalar, 

object-oriented framework from Pasternack and Wyrick (2016) to address questions related to 

where topographic changes are occurring over time (Table 1, Objective 1). Then, to address 

hydrologic controls, a novel framework was implemented to characterize the hydrologic regimes 
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for each study period beyond “drought” or “flood” designation; peak, volume, and duration 

metrics were chosen due to their relevance to geomorphic effectiveness. Five significant 

discharges and their inundation zones were chosen to represent thresholds (Table 1, Objective 

2). After collecting and analyzing both topographic and hydrologic data, relationships between 

the topographic changes (scour, fill, and net) and the hydrologic metrics were explored to 

determine which hydrologic periods were more geomorphically effective, and answer the 

following overarching study questions: 

1) What are the non-hydrologic topographic features and local influences that explain 

observed topographic changes? 

2) Does greater peak flow lead to more erosion? If not, what other hydrologic metrics 

explain erosion and topographic changes? 

Table 1. Study design. 
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3 Study Site 

The lower Yuba River of north central California was selected as the testbed river, 

because its topographic changes have been monitored systematically for three epochs during 

the period 1999-2017. The 37-km lower Yuba River (LYR) segment (Figure 3) is a single-thread 

channel (~ 20 emergent bars/islands at bankfull) with low sinuosity, high width-to-depth ratio, 

slight to no entrenchment, and eight distinct geomorphic reaches (Wyrick & Pasternack, 2012). 

Englebright Dam (Figure 3, panel 2) initiates the segment and is a 79-m high dam with a small 

water storage capacity that effectively blocks all sediment supply. The regulated river segment 

has a mean bed slope of 0.185% and a mean surface substrate diameter of 97 mm (i.e., small 

cobble). Daguerre Point Dam (DPD) is an 8-m high sediment barrier/irrigation diversion dam 

located at river kilometer (RKM) 17.8 upstream from the Feather River confluence. Its sediment 

storage capacity is full. Dry and Deer Creeks are gaged LYR tributaries upstream of DPD that 

are both dammed. Using the LYR 2006/2008 DEM, Wyrick and Pasternack (2012) delineated 

four lateral inundation zones (Figure 3, panel 3). The bankfull channel and floodway are 

delineated by discharges of 141.6 and 597.5 m3/s, respectively. 
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Figure 3. Location map showing the LYR and its eight geomorphic reaches, including key reach 
break factors and USGS gaging stations, Marysville and Smartsville. Reach acronyms: 

Marysville Reach (MR), Hallwood Reach (HR), Daguerre Point Dam Reach (DPDR), Dry Creek 
Reach (DCR), Parks Bar Reach (PBR), Timbuctoo Bend Reach (TBR), Narrows Reach (NR), 
and Englebright Dam Reach (EDR). Bottom panel: LYR inundation zones at baseflow (~ 18.5 

m3/s), bankfull (141.6 m3/s), and floodway (597.5 m3/s). 
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3.1 Topographic change history 

Since the California Gold Rush there has been a 170-year history of dramatic 

geomorphic river changes in the Yuba River catchment and a subsequent need for monitoring 

these changes. Like many Sierra Nevada rivers, this one has historic and modern 

anthropogenic impacts, notably hydraulic and dredge-based gold mining, deforestation, 

agriculture, river training, and flow regulation. The Yuba River experienced extreme 

sedimentation and sediment transport after hydraulic mining operations ended—the California 

Debris Commission estimated that the valley accumulated ~ 200 million m3 of mining sediment 

in the late 19th century (Gilbert, 1917; Adler, 1980). During the early 20th century, high sediment 

loads overwhelmed the transport capacity of valley channels and caused major geomorphic 

adjustments such as channel aggradation and avulsions (Adler, 1980; James et al., 2009). 

Englebright Dam was installed in 1940 to block all bedload and most suspended load from 

entering the LYR, thereby promoting some downstream geomorphic recovery—even after 80 

years, recovery continues (James, 2005). 

3.2 Hydrology 

The Yuba watershed’s climate involves little to no precipitation June through September 

and then a wet season late November to May with precipitation of ~ 500-2000 mm depending 

on elevation and aspect. Wet-season floods are often generated by narrow-banded atmospheric 

rivers that deliver localized, intense, high-magnitude precipitation (Ralph et al., 2006; Dettinger, 

2011). Extreme precipitation events that occur remarkably regularly with a periodicity of ~ 10 

years (Guinn, 1890) deliver large quantities of warm rainfall onto snow-packed mountain slopes. 

Flow analysis statistics on the western coast of the U.S. reveal that these interannual to decadal 

cycles between dry and wet periods are caused by El Niño Southern Oscillation (ENSO) cycles 

(Gray et al., 2015b). 
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The LYR’s flow regime is highly dynamic. Two of the major tributaries contributing to the 

LYR (Dry and Deer Creeks) do not have large water supply dams and cannot abate floods. 

Although the river is partially regulated through New Bullards Bar on the North Yuba and 

Englebright Dam on the mainstem, the latter is kept nearly full. Flows greater than bankfull 

discharge overtop the ogee-crested dam or pass through two smaller (12,000 kW and 50 mW) 

powerhouses located immediately downstream and are rapidly delivered to the lower Yuba 

River segment with only mild attenuation. 

The key hydrological point for this study is that the 1999-2017 period encompasses two 

extreme, wet period flood events, creating the unique ability to not only contrast large versus 

small flood regimes, but also two large flood regimes. Conditions were average to dry 1999-

2005, because the previous large flood event happened in 1997 before systemic topographic 

surveying got underway. A large flood (peak of 3,207 m3/s; 23-year recurrence) occurred in the 

2006 water year, but then from 2012-2016 the entire western US experienced a severe drought 

(East et al., 2018a; Swain et al., 2018). The next large flood event occurred during the 2017 

winter (peak of 2,466 m3/s; 13-year recurrence), which became one of the wettest on record for 

the western US, with integrated vapor transport estimated at three standard deviations above 

the mean quantity for the California coast (Gershunov et al., 2017; East et al., 2018b). 

4 Methods 

4.1 Temporal scale and topographic surveys 

The LYR’s topography has been closely monitored over the 18-year period between 

1999 and 2017. Four high-resolution DEMs of the river bed and valley bottom provided 

topographic snapshots from the following years: (i) 1999, collected using aerial photogrammetry 

and single beam echosounding; (ii) 2006/2008, collected using airborne near-infrared LiDAR, 
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single beam echosounding tied to RTK GPS, and ground surveys; (iii) 2014, collected using 

primarily airborne LiDAR with both near-infrared and green lasers, as well as multibeam and 

single beam echosounding tied to RTK GPS, and ground surveys; (iv) 2017, collected with the 

same methods as in 2014. The date for the second DEM is combined as 2006/2008 because 

Timbuctoo Bend was mapped in 2006 and then the rest of the river (excluding the Narrows 

Reach that was left unsurveyed) was predominantly surveyed in 2008. 

An epoch is the time period between two topo-bathymetric surveys. In this study there 

are three epochs: (i) epoch 1 is the 7-9 year period between 1999 and 2006/2008 (Pasternack 

and Wyrick, 2016); (ii) epoch 2 spans 6-8 years between 2006/2008 and 2014 (Weber and 

Pasternack, 2017); (iii) epoch 3 is the 3-year period between 2014 and 2017, with this study 

introducing this latest set of topographic change results. Epoch 3 is short because a large flood 

in 2017 warranted new mapping. 

4.2 DEM differencing and topographic change detection 

The differencing of sequential DEMs with an accounting of uncertainty creates three 

DEMs of Difference (DoDs) for the three change epochs from the four input DEMs for the LYR. 

Pre-existing peer-reviewed DoD rasters were used from Carley et al. (2012) for epoch 1 and 

Weber and Pasternack (2017) for epoch 2. Epoch 3 is the latest period. Its DoD raster was 

produced using the same data collection and topographic change detection (TCD) procedure 

methods as in Weber and Pasternack (2017). The TCD procedure used herein for the 2014-

2017 data provided a spatially explicit uncertainty raster (Level of Detection raster) to account 

for and combine error from multiple sources including land cover type (vegetation, water, or 

bare earth), topographic variability due to slope, DEM interpolation, and sampling point density. 

Vertical error incorporated into the Level of Detection raster ranged from 0.02 to 6.02 meters 

across the entire study site, and was log-normally distributed, with error concentrated at the 
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lower end of the values. The mean error was 0.16 m, with a median of 0.10 m, skewness of 

1.97, and a standard deviation of 0.17 meters. The Level of Detection raster containing the 

estimated vertical error in elevation values was subtracted from the raw difference between 

2014 and 2017 DEMs prior to topographic change analysis, so that the reported elevational 

change in the resultant DoDs is within a 95% confidence interval. 

4.3 Topographic change framework 

Topographic changes were analyzed at segment (entire LYR), geomorphic reach, and 

morphological unit scales to isolate patterns of change to address different scientific questions 

(Pasternack & Wyrick, 2016). The questions raised in this study only involve the first two spatial 

scales, because these were the only scales that could be applied uniformly across all three 

study periods. In-channel versus overbank lateral inundation zonation is a stratification of the 

segment-scale data. Ideally a boundary for the estimated bankfull discharge (141.6 m3/s) would 

be available for all survey dates, but the only available wetted extent for 1999 was 109 m3/s, so 

the closest available extent to that for the other epochs (from two-dimensional hydrodynamic 

modeling of a steady 113.26 m3/s) was used to delineate the channel regions for all epochs 

instead, as was done in previous work (Pasternack & Wyrick, 2016). Areas outside this near-

bankfull boundary are referred to as overbank regions. 

This study analyzed topographic change by scale using area (m2, %), volume (m3, 

m3/year), and sediment depth (mm/year) metrics, with extra area, volume, and depth results 

reported in supplementary materials. Due to different durations and survey timing in epochs 1, 

2, and 3, scour and fill volumetric results were originally normalized by year (m3/year) for direct 

comparison on a time-free basis. However, the volumetric changes reflect not only differences 

in driving process, but also how long there was for change to occur, which varied from 3 to 9 

years depending on the reach and epoch. While annual rates represent intensity of changes, 
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total volumetric flux (m3) represents overall geomorphic effectiveness (Lisenby et al., 2016) over 

the entire epoch. 

To calculate volumetric sediment budgets of scour and fill using DoD rasters, the areal 

distributions of scour and fill were multiplied by the mean change in elevation that occurred 

within the spatial scale of interest using the Zonal Statistics tool in ArcGIS 10.5. Because 

uncertainty was already accounted for in producing DoD rasters, no further steps are required to 

assess volumetric uncertainty (Pasternack and Wyrick, 2016). The LYR sediment budget is 

greatly simplified due to the presence of upstream dams on the mainstem and tributaries, which 

block nearly all sediment load. As a result, net influx of sediment into the LYR is assumed to be 

zero. 

4.4 Hydrologic metric framework 

For each epoch, the following metrics were collected: peak discharge and duration and 

volume above significant discharge thresholds in the river. Discharge (Q) in m3/s is used in 

place of unit stream power (𝜔 in Watts/m2) from the geomorphic effectiveness metrics (Figure 

2), because these terms are equivalent when controlling for fluid density (𝜌), gravitational 

acceleration (𝑔), slope (S), and channel width (w), by considering the entire river as one unit at 

the segment scale (Equation [1]). Volume (V), in m3, can then be substituted for flood energy (𝛺 

in Joules) because it is simply the integration of the stream power, or discharge (Q) in this 

study, over a period of time (𝑑𝑡) (Equation [2]). 

The major lateral inundation zones of the river previously delineated using the LYR 

2006/2008 DEM by Wyrick and Pasternack (2012) were employed to represent discharge 

thresholds (eg., Figure 3, bottom panel). These thresholds set time intervals over which volume 

was integrated. These discharges for the LYR include: bankfull (141.6 m3/s), 2x bankfull (283.2 

m3/s), floodway (597.5 m3/s, also termed the “floodplain-filling flow”), 6x bankfull (849.5 m3/s), 
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and flood-prone area (1,195 m3/s). To produce the most precise metrics, 15-minute flow data 

was used to calculate peak, duration, and volume above thresholds, while daily averaged flow 

was used only to calculate annual volumes. Because 2008 is the survey year for the majority of 

the LYR in the second DEM (the lower 5 reaches below TBR), the hydrologic analysis uses the 

2008 water year as end year for epoch 1 (1999-2008) and start year for epoch 2 (2008-2014). 

𝜔 =
𝜌𝑔𝑄𝑆

𝑤
    Q [1] 

𝛺 = ∫ 𝜔 𝑑𝑡    𝑉 = ∫ 𝑄 𝑑𝑡  [2] 

Annual water year statistics and metrics were obtained from two USGS flow gages: 

Smartsville (#11418000) and Marysville (#11421000) (Figure 3). Recurrence intervals for key 

peak discharges were calculated from the Smartsville flow data on a water year basis (October 

to September) using the Bulletin 17-B method, implemented in HEC-SSP. All other hydrologic 

metrics were derived from flow readings from the Marysville gage, which includes discharge 

contributions from the Dry and Deer Creek tributaries, but excludes seasonal diversions for 

irrigation and other uses. 

5 Results 

5.1 Objective 1: Topographic changes 

5.1.1 Part A – Segment scale 

In epoch 1, a small net of 0.06 x 106 m3 of sediment was exported out of the LYR as 

large volumes of scour material (-2.52 x 106 m3) (all scour values reported with a negative 

symbol) re-deposited downstream within the river (2.46 x 106 m3) (Figure 4). Net export volume 

increased to 0.14 x 106 m3 in the drought period of epoch 2, resulting from -0.64 x 106 m3 of 

scour and only 0.50 x 106 m3 of deposition. Over three years in epoch 3, the LYR experienced 

more scour than epoch 1 and simultaneously experienced less re-deposition (-3.39 x 106 m3 and 
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2.03 x 106 m3 respectively). This resulted in a net erosional export of 1.37 x 106 m3, > 20 times 

greater than the export over the 9 years of the first epoch. 

A comparison of channel change between the channel and overbank areas found that 

they were net fill and net scour, respectively, for all epochs (Figure 5). This is an opposite 

outcome from the expectation for regulated rivers. However, the distribution of scour and fill 

within and between in-channel and overbank regions was unique in each epoch. Epoch 1 

showed the most balance between scour and fill volumes between regions and the most re-

deposition of sediment in the overbank (1.84 x 106 m3) of any epoch. In epoch 2, the overbank 

was less active, with a greater percentage of scour and re-deposition occurring in the in-channel 

regions; it experienced the lowest net fill in the channel region (0.12 x 106 m3) and lowest 

percent overbank fill of any epoch. Epoch 3 had the greatest in-channel fill (1.25 x 106 m3) and 

overbank scour (-2.67 x 106 m3) of any epoch. In all cases, the majority of segment scale scour 

came from the overbank region, but in both epochs 1 and 3, the overbank contributed a 

majority, about 80%, of the total scour volume. 
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Figure 4. Total volume of scour, fill, and net in 106 m3. 
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Figure 5. Total volumetric changes in 106 m3, stratified into in-channel and overbank regions. 

 

5.1.2 Part B – Reach scale 

TBR, at the top of the LYR segment, remained net scour in all epochs (Figure 6). PBR 

varied between net depositional in epoch 1 and net erosional in epochs 2 and 3, due to 

relatively balanced scour and re-depositional processes. Despite being upstream of a dam and 

downstream of a tributary confluence supplying some sediment, DCR was consistently net 

erosional across epochs and was the only reach that experienced greater scour volume in 

epoch 1 (-62.74 x 104 m3) than in epoch 3 (-49.72 x 104 m3). Below DPD, DPDR exhibited an 

interesting pattern in that it was the most net depositional reach in epoch 1, the most net 

erosional reach in epoch 2, and the only net depositional reach in epoch 3. Next downstream, 

HR shifted from strongly net depositional in epoch 1, to nearly net neutral in epoch 2, and then 

experienced the greatest scour volume of any reach over all epochs at -76.08 x 104 m3 of scour 

in epoch 3, making it the most net erosional reach in that epoch. Lastly, MR, which connects to 

the Feather River confluence, experienced scour and fill patterns similar to PBR, shifting 

gradually from a net depositional reach in epoch 1 to net erosional in epochs 2 and 3. 
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Figure 6. Total volume of sediment scoured (red horizontal arrows) or re-deposited (blue 
vertical arrows) in each reach, in 104 m³ with sizes scaled proportionally to volume. Horizontal 
arrows point in direction of flow. Numbers in parentheses indicate net for each reach. Black 

arrows indicate net transport between reaches. 
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Annualized results represent the total volumes divided by the number of years between 

DEM surveys, in order to standardize the results and compare the relative intensities of scour 

and re-deposition in each epoch (Figure 7). In epoch 3, HR experienced the greatest scour rate 

of any reach at 25.36 x 104 m3/year of scour. After net changes were taken into account at each 

reach moving from upstream to downstream, the annualized rate of sediment export out of the 

LYR indicated an increase in export rate between the flood and drought periods of epoch 1 and 

2, from 1.70 x 104 m3/year to 2.22 x 104 m3/year, an increase of only 30%. The next epoch, 

epoch 3, saw a net export rate of 45.56 x 104 m3/year, 20 times greater than the export rate of 

epoch 2 and 25.8 times the export rate of epoch 1. 
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Figure 7. Annualized volumetric rates of sediment scoured (red horizontal arrows) or re-
deposited (blue vertical arrows) in each reach, in 104 m³ with sizes scaled proportionally to 

volume. Horizontal arrows point in direction of flow. Numbers in parentheses indicate net for 
each reach. Black arrows indicate net transport between reaches. 
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5.2 Objective 2: Hydrologic metrics 

5.2.1 Part A - Peak 

Epoch 1, the longest epoch in the study, experienced the highest intensity flood 

(instantaneous discharge of 3,207 m3/s in the 2006 water year), with a moderate flood the 

previous year and again in the following spring (Figure 8, Table 2). That peak event 

corresponds to a 23-year event and 22.6 times bankfull discharge. Epoch 2 was dry yet still had 

four floods filling the floodway (597.5 m3/s), ranging from 875 to a peak of 1,245 m3/s 

instantaneous flow in 2013. These flows correspond to ~ 3–5-year recurrence interval events 

and 6–9 times bankfull discharge. The maximum instantaneous discharge for epoch 3 was 

2,466 m3/s (January 2017), corresponding to a 13-year recurrence interval. This peak was ~ 

25% less than that in epoch 1. 
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Table 2. Summary of water year statistics (epoch 2 shaded). Discharge data from daily average 
and 15-minute flow data from Marysville gage. Water year begins October 1st of the year prior to 

year indicated. 
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Figure 8. Hydrograph of 15-minute discharge across survey epoch 1 (Oct 1st 1999-Sept 30th 
2008), epoch 2 (shaded, Oct 1st 2008-Sept 30th 2014), and epoch 3 (Oct 1st 2014-Sept 30th 

2017). Recurrence intervals listed on right axis. 

 

5.2.2 Part B - Volume 

To calculate annual volumes released, daily average flows were summed for each water 

year (Table 2, last column). The 2017 water year resulted in the greatest annual volume at 6.29 

x 109 m3 of water. The 2006 water year in epoch 1 experienced the second highest volume at 

4.79 x 109 m3 and the third highest volume year was in 2011, during epoch 2. 

For each epoch, the 15-minute flow data was used to calculate the volume of water that 

was released above five significant inundation zones (Figure 9, top panel). Epoch 1 

experienced greater volumes of water above all thresholds relative to epoch 2. The volume of 

discharge above all thresholds was consistently higher in epoch 3 compared to the first two 

epochs. Notably, the discharge released above the three highest inundation zones (floodway, 

six times bankfull, and flood-prone) in epoch 3 was typically twice the volume released over the 

same threshold during epoch 1. 
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Figure 9. Volume and duration analysis in the LYR using 15-minute flow data from Marysville 
gage. 

 

5.2.3 Part C - Duration 

Duration analysis revealed that each epoch spent nearly the same amount of time at or 

above the bankfull stage (Figure 9, bottom panel), although in epoch 2 this did not correspond 

with a significant increase in volume (Figure 9, top panel). Epoch 1 spent 169.5 days above 

bankfull, epoch 2 spent 171.3 days above bankfull, while epoch 3 spent the most time above 

bankfull at 180.9 days. Beyond this threshold, differences in duration at 2x bankfull and above 

are more distinct across epochs. As with volume, epoch 3 experienced the longest duration 
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above all key inundation zones despite being the shortest period, and spent more than twice as 

many days above flood-prone relative to epoch 1.  

Comparing the hydrographs for flood epochs 1 and 3 (Figure 10) highlights why epoch 3 

experienced greater discharge volumes and durations, especially at the higher flood stages, 

relative to epoch 1. Epoch 3 experienced two nearly equivalent flood peaks in January and 

February of the 2017 water year, with sustained flood discharge through the month of February, 

whereas epoch 1 experienced only one peak flood event in the 2006 water year. 

 

Figure 10. Hydrograph with two example years from epochs 1 (blue) and 3 (red). 

6 Discussion 

6.1 Study Question 1: Topographic features and internal dynamism 

First, patterns in topographic change across the study epochs are explored, with a focus 

on topographic drivers, historic impacts, and local reach scale behavior. The LYR is strongly 
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influenced not only by stage-dependent topography, creating naturally variable channel depth 

and width, but its topography is also influenced by dams, historic hydraulic mining, levees, 

training berms, and natural terraces. Downstream of DPD, the valley has a wide floodplain and 

low slope gradient, but exhibits stage-dependent expansions and constrictions (Pasternack et 

al., 2018) creating a highly variable environment in regards to geomorphic response. By using 

the scale-based approach to analyzing topographic changes, patterns emerged in scour and re-

deposition at the segment and geomorphic reach scales with implications for the topographic 

drivers controlling the underlying processes. 

6.1.1 A non-incising channel and net scour system 

Typically for a regulated river, one expects to see that dams cause in-channel incision, 

entrenchment, and disconnection between channel and floodplain (Williams and Wolman, 1984; 

Grant et al., 2003). However, the opposite appears to be the case for the LYR. As the channel 

migrates or avulses from its initial location to its final location at the end of the epoch, it tends to 

fill in its old channel while scouring through the banks and cutting new pathways over 

floodplains. There are several topographically driven explanations for lack of in-channel incision. 

First, the bed of the LYR is armored and consists of coarse gravel-cobble, but the steep (often 

unconsolidated) banks, levees, and mining tailings along the lateral edges are composed of fine 

gravels and sands (Wyrick & Pasternack, 2015). These finer sediments would be preferentially 

scoured over coarser sediments along the bed (Dietrich et al., 1989) and James (2005). Mining 

tailings indeed exhibited the third highest scour volume epoch 3 within MU analysis (see 

Supplemental Materials). However, this alone does not explain the erosive nature of the epoch 

3 flood event. While steep surfaces like tailings and banks may only be erosional given their 

shape, flat surfaces like floodplains and terraces may be both erosional and depositional. The 

epoch 3 event yielded more balance between net erosion of flat surfaces (whether by lateral or 

vertical dynamics) and net erosion of tailings, with highest preference towards flat terrace and 
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floodplain surfaces. Therefore, the coarse gravel-cobble bed load is often not the subject of 

transport. Furthermore, the valley floor stores ~200 million cubic meters of hydraulic-mining 

alluvium (Gilbert, 1917; James et al., 2005), but between 1999 and 2017, 1.57 x 106 m3 of 

sediment was exported from the LYR, which is only 0.78% of that amount. An excess of 

remnant mining sediments in the LYR may provide an internal accessible sediment load in the 

absence of external supply.  

The LYR overbank (as well as the channel + overbank) was net scour in all epochs 

regardless of hydrologic regime. Englebright Dam was specifically designed to block sediment 

and both gaged tributaries (Dry and Deer Creek) downstream of the dam are themselves 

dammed. Therefore, this is a feasible result under the assumption that the channel receives no 

significant external sediment supply input. However, the immense internal supply from long-term 

storage from late 19th and early 20th century mining as well as observed re-mobilization of 

tailings sediment (James, 2005) makes it unsurprising to observe that the LYR is a consistent 

sediment exporter. The LYR’s unique history and topographic influences must be taken into 

consideration when applying existing concepts of geomorphic response to explain the channel 

and overbank dynamics. 

6.1.2 Reach scale influences 

DPDR was the only reach to remain net fill in both flood regimes, but was net erosional 

in a drought period. Review of validated 2D hydrodynamic model results used for river 

management (Figure 11) confirm that flood-stage flows initiate channel expansion; at lower 

discharge, erosive forces are focused in the channel and on banks but after water spills onto the 

floodplain, channel velocity declines as patches of peak velocity shift onto the floodplain (Abu-

Aly et al., 2014). This pattern may rely upon DPDR’s ability to access the large Daguerre alley 

side channel (Figure 11) as the key topographic component that allows it to remain a sediment 

sink during flood regimes. 
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TBR and DCR were the only two reaches to remain the same (net scour) in all epochs 

regardless of hydrologic regime. Therefore, they may be driven more by topographic features 

than hydrology. Likely their proximity to dams “fixes” their roles, with TBR beginning with little 

sediment supply and DCR ending at a dam imposing a base level. TBR, in addition, is in a 

constricted valley within the Sierra foothills above the start of the alluvial fan (Figure 3) and may 

experience increased erosion as an effect of two processes. First, it receives sediment-starved 

“hungry water” (Kondolf, 1997), so it can scour from upstream to downstream to pick up 

sediment supply. However, there is no indication of a reduced slope at the head of TBR, so this 

would have a limited distance of downstream effect. Second, upstream migratory waves of 

channel adjustments are thought to have occurred (Carley et al., 2012) in response to an over-

steep longitudinal bed-elevation profile (associated with hydraulic mining valley fill and 

evacuation history) relative to the equilibrium slope sustainable in light of the base level 

imposed by Daguerre Point Dam. 

PBR, HR, and MR were all reaches that changed over time, from sediment sinks in epoch 

1 to sediment sources in epochs 2 and 3, indicating factors that changed over time related to 

topographic dynamics as well as hydrology. Interestingly, these are also the reaches that are 

separated from a dam by at least one reach indicating lack of dam influence. The most clear 

example of a sequence of events where topographic forcing and hydrologic forcing interacted to 

produce a new topographic change outcome is illustrated in HR, where a terrace collapsed in 

epoch 3. While the valley and floodplains are generally wider downstream of DPD, constrictions 

exist at bends and the onset of levees. Topographic features are highly stage-dependent and 

constrictions are exacerbated at higher flows. As areas upstream collect more water and 

expand into the floodplain, nozzles form downstream as large volumes of water are forced to 

quickly flow through the constriction creating concentrated areas of high velocity and shear 

stress that easily mobilize sediment and promote erosion (Pasternack et al., 2018) (e.g., Figure 
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11). The major terrace erosion in HR was exactly at one such abrupt constriction downstream of 

DPDR. Aerial imagery revealed that the river began scouring into the sharp, constricting bend 

during epoch 2, setting the stage for the flood-driven collapse in epoch 3 (Figure 12). The 

terrace collapse accounted for 9.8% of the entire volume of sediment eroded downstream of 

DPD in epoch 3. 

 

Figure 11. Wetted extents generated using a 2D hydrodynamic model with the 2014 
topography. A) Bankfull (141.6 m3/s). B) Floodway (597.5 m3/s). C)  Epoch 1 peak daily 

averaged flow (2,389 m3/s). 
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Figure 12. Top: HR terrace September 2010 – May 2018 (Google Earth Pro, 2020). Bottom: 
Epoch 2 and 3 DoD rasters. 

6.2 Study Question 2: Hydrology and geomorphic response 

Upon acknowledging the local topographic drivers at the reach scale and internal 

dynamism inherent in the LYR system due to historical and current impacts and influences, the 

hydrologic metrics offer further explanation of topographic changes observed at the segment 

scale across the study epochs. The hydrologic metrics yielded compelling evidence that a long 

duration flood, releasing sustained volumes of water above high inundation thresholds may 

cause more scour and net export, especially in a system such as the LYR where the channel is 

well-connected to its expansive floodplain, allowing access to erode those sediments. 
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6.2.1 Flood peak magnitude not correlated with erosion and export 

The main finding of this study was that peak discharge was not correlated with total scour 

nor net export of sediment across epochs, and the contradictions were stark. Despite a flood 

peak during epoch 1 that was 1.5x greater than the peak of epoch 2, not only was there not 

150% more sediment export–or any greater sediment export in epoch 1, but instead there was 

33% more sediment exported during drought epoch 2 (Figure 4). Net export then increased to 

1.37 x 106 m3 over flood epoch 3, a 21.8x increase in export from the first flood epoch 1, even 

though epoch 3 had a 25% lower peak flood. Of the 1.57 x 106 m3 net volume of sediment 

exported out of the LYR over the 18-year period, 87.2% occurred over 3 years during epoch 3 

(Figure 4). 

It is important to differentiate the statement “more erosion” as it relates to net scour/export 

versus total scour. The first indicates how well re-deposition balanced erosion, while the second 

captures the magnitude of scour events alone. Epoch 1 actually did experience much more total 

scour than epoch 2 (-2.52 x 106 m3 and -0.64 x 106 m3 respectively) (Figure 5). The key 

difference was that re-deposition in epoch 1 was great enough to nearly negate scour. Segment 

scale re-deposition was positively related to peak discharge which explains the small net export 

of epoch 1. In epoch 3, scour volume was greater than in epoch 1 by 34.7% while re-deposition 

decreased by 17%, causing a large overall increase in net export. A stronger relationship exists 

between total scour and the hydrologic duration and volume metrics, rather than the peak 

metric. Comparing total scour between the two flood epochs shows a connection between scour 

and volume discharged, especially above floodway stage (Figure 9, Figure 13). 

Comparing the relationship between net and total scour and their respective flood peaks 

contrasts with uniform channel dynamics, where higher discharge leads to more erosion as 

dictated by total bed load transport. However, Yuba River hydro-geomorphic dynamism fits well 

within the geomorphic effectiveness framework and flood archetypes from the literature. The 
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epoch 3 period experienced long duration flooding and high volume released, especially above 

floodway, with the peak flood year (2017) experiencing the greatest annual volume of discharge, 

analogous to flood energy, relative to the previous two epochs (Figure 9, Table 2). While the 

epoch 1 flood best matches the type A flood curve, with a high peak and short duration, epoch 3 

fits the profile for the type B high peak, long duration flood type as described by the geomorphic 

effectiveness model (Figure 2). Type B flood types are predicted to be the most geomorphically 

effective fluvial events in any landscape and include exceptional floods like the Rubicon River, 

California (1964) and Teton River, Idaho (1976) dam-failure floods, and colossal paleofloods like 

the Missoula Flood, Columbia River Gorge (~13,000 years before present) and the Bonneville 

Flood, Idaho (~14,500 years before present) (Costa and O’ Connor, 1995). 

These findings highlight why annual peak discharge, one of the most common 

hydrologic metrics used in flood frequency analysis, can be a simplified and problematic 

indicator of the true magnitude of a flood period in regard to fluvial geomorphic response. 

Although the traditional annual maximum method is still the most commonly used in many 

countries, defining samples using only this method results in a loss of information, and 

improvements to flood frequency analysis techniques to capture the behavior of extreme 

hydrological events are still sought after for this reason (Lang et al., 1999; Bačová-Mitková & 

Onderka, 2010). Ideally, methods account for temporal complexities of the regime—one 

example is the peaks-over-threshold (partial duration series) method (Lang et al., 1999) which 

accounts for years with multiple flood events. However, this still fails to capture both water 

volume and its temporal distribution; further, this must be translated into metrics at a scale 

significant to water management. This finding is significant because years with multiple flood 

peaks and sustained flooding (high annual volume) can stress reservoir infrastructure; indeed, 

these two characteristics were defining features of the 2017 water year which exacerbated 
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conditions during the Oroville emergency spillway failure (White et al., 2019; Vano et al., 2019) 

~45 km north of the LYR on the Feather River. 

 

Figure 13. Example relationships between scour, fill, and net topographic change at the 
segment scale (y-axis) against various hydrologic metrics (x-axis). 

6.2.2 In-channel vs overbank dynamics 

The in-channel versus overbank dynamics help explain how topographic changes varied 

at two distinct inundation levels. Because overbank regions were always net scour, they explain 

the majority of the LYR’s net export patterns across the study epochs. In epochs 1 and 3, 80% 

of scour was overbank scour (Figure 5) from terrain above an inundation level of 113.26 m3/s. 

In epoch 1 the LYR experienced one high peak, short duration Winter flood pulse in the 2006 

water year; the geomorphic response that allowed the LYR to remain nearly neutral in terms of 

net export was that sediment eroded upstream was then re-deposited in the overbank (as 1.84 x 

106 m3 of overbank fill), especially in reaches below DPD (Figure 6). Due to the nature of the 

multi-flood epoch 3 period, it is possible that the same overbank re-deposition process may 
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have initially resulted following the first flood pulse, with the subsequent sustained flood leading 

to evacuation of that re-deposited sediment. Interestingly, the in-channel region also 

experienced the most fill in epoch 3 (Figure 5) displaying how this geomorphically impactful 

flood period drastically changed the channel geometry. Indeed, areas that were initially 

overbank in 2014 but became in-channel in 2017 accounted for 62% of overbank scour, 

confirming lateral migration was a dominant scour process in epoch 3. 

6.2.3 Effects of flow variability and antecedent conditions 

Topographic change outcomes result from the interaction of topographic drivers and 

hydrology, but observed effects are dependent on time as a second-order variable. What is 

measured is a product of the time span of observation (e.g., Figure 12). Uniform channel 

dynamics equations dictate that higher flow leads to more erosion; Recking et al. (2012), 

however, noted that in field experiments, the predictive accuracy of erosional behavior using 

channel bed load transport equations increases over longer timescales of measurement. 

Further, Lisenby et al. (2016) caution against the notion of expecting geomorphic response to 

scale linearly with energy input, given the often non-linear behavior of complex river systems 

with diversity of topography, processes, and non-uniform flow patterns. 

Arid environments experience extreme variability in discharge; large flood events are 

infrequent, separated by dry, low flow conditions (Gregory, 2006). Mediterranean climates, like 

this study area, are particularly prone to ‘whiplash’ events involving rapid shifts from extreme 

drought to extreme flood conditions, such as the 2016-2017 flood period following the dry 2012-

2016 period in California (Swain et al., 2018). El Niño years experience above-normal 

precipitation concentrated in winter, generally resulting in landsliding and greater fluvial 

sediment flux (Mertes and Warrick, 2001; Gray et al., 2015b; East et al., 2018b). Drought 

periods can lead to decreased soil moisture, low runoff efficiency (Davenport et al., 2020), and a 

build-up of flood-transportable sediments. Therefore, the large sediment evacuation event 
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observed in epoch 3 may also be a product of the extremely dry conditions leading up to the 

event. The LYR’s flow regime is quite dynamic, and flow heterogeneity is known to promote 

process diversity (Parker et al, 2003). It is pertinent, therefore, to also account for antecedent 

conditions, regime variability, and concentration of flow volume in time when predicting 

geomorphic response. 

7 Conclusions 

Morphodynamic processes in rivers are comprised of complex interactions between 

topography and hydrology. However, hydrographic forcing is independent in that hydrologic 

input is a driver external to the river system itself (Figure 1). Therefore, characterization and 

differentiation of hydrologic metrics is important in order to distinguish different flood period 

‘types’ (e.g., types A, B, C of the geomorphic effectiveness flood energy model), and their 

effects. While the ‘cause’ and ‘effect’ aspect of fluvial geomorphology is hardly straightforward, it 

is nonetheless the goal of geomorphic effectiveness studies and fluvial morphodynamics 

models to link geomorphic pattern to hydrologic metric. This study presents a novel approach to 

distinguish flood periods at a scale significant to geomorphic river response, using threshold-

based volume and duration analysis. Peak discharge was not found to be as important in 

explaining net export and total scour of sediment as duration and volume of flood events, 

highlighting the significance of inclusion of these hydrologic metrics in considerations for river 

infrastructure design, erosion control, and flood planning. 
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