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Abstract 

 
Changes in upstream sediment delivery or downstream base level can cause propagating 
geomorphic responses in alluvial river systems. Understanding if or how these changing 
boundary conditions propagate through a watershed is central to understanding changes in 
channel morphology, flood conveyance and river habitat suitability. Here, we use a large set of 
high-resolution topographic surveys to assess coarse sediment delivery and routing in the 1,279 
km2 glaciated White River, Washington State, USA. This study was motivated by the concern 
that changes in climate may increase coarse sediment delivery from the watershed’s volcanic 
and glaciated headwaters, potentially accelerating chronic deposition in a populated alluvial fan 
near the river’s mouth. However, we find that most of the coarse sediment load in the lower river 
is derived from erosion of the lower-watershed valley floor, as the river continues to respond to 
an early-20th century drop in local base-level. Base-level initially declined following a major 
avulsion across the fan in 1906, an event conditioned by the watershed history of continental 
glaciation and a massive mid-Holocene lahar, but was then further lowered by dredging along 
the new channel alignment. In headwater proglacial areas, coarse sediment export has been 
dominated by infrequent large pulses that blanket downstream valley floors with material. In the 
periods between these pulses, most bed material transport in the proglacial rivers is sourced 
from erosion of previously-emplaced valley floor deposits. We suggest coarse sediment fluxes 
in the lower White River are unlikely to be sensitive to short-term changes in headwater delivery 
rates, both because punctuated proglacial sediment pulses are attenuated by storage and 
because headwater delivery is an overall modest component of lower river sediment load. More 
generally, the introduction of bed material into the White River appears dominated by extreme 
hydrologic or extra-fluvial (glacial, volcanic) events with 102-104 year recurrence intervals, while 
more typical floods primarily redistribute existing stored sediment.  
 
 
Key points 
 

 Erosion of the lower watershed valley floor has been a dominant source of coarse 
sediment in the glaciated White River over the past century 
 

 Lower-watershed erosion is a response to early 20th-century base-level drop, triggered 
by a major avulsion and augmented by subsequent dredging 

 

 Major disturbances over 102-104 year timescales drive contemporary channel 
adjustments, with associated trends in storage making up much of the year-to-year 
coarse sediment budget 
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1 Introduction 
 
Changes in upstream sediment or water delivery or downstream changes in base-level can 
trigger adjustments in alluvial river systems that propagate according to the dynamics of 
sediment transport and channel adjustment (Schumm and Parker, 1973; James, 1991; Simpson 
and Castelltort, 2012; Pizzuto et al., 2017). Understanding these propagating adjustments is 
fundamental to the interpretation of depositional stratigraphy, understanding cause and effect of 
historic geomorphic change, and for forecasting channel responses to climate change or river 
engineering and restoration projects.  
 
The downstream transport of sediment is often interrupted by periods of transient storage in 
valley floor settings that may last years to millennia (Walling, 1983; Meade, 1988; Fryirs, 2013). 
Storage is tightly linked to the propagation or obscuring of sediment transport signals, since 
mass balance requires that any difference between upstream sediment input and downstream 
export be accommodated by an equivalent storage change. Storage dynamics have been 
observed to play a large role in both the short- and long-term impact of increased sediment 
delivery; watersheds subjected to large increases in sediment delivery have tended to place 
large volumes of sediment into storage, mediating the short-term routing of material through the 
primary active channel; over the long-term, the re-entrainment of that stored material may 
influence river form and function rivers long after the initial disturbance and short-term channel 
responses subside (Trimble, 1999; James, 1991, 2010; Madej and Osaki, 2009). More 
generally, storage can effectively decouple downstream sediment loads from headwater 
sediment delivery over both management and geologic time scales (Deitrich and Dunne, 1978; 
Walling, 1983; Trimble, 1997, 1999; Simpson and Castelltort, 2012; Pizzuto et al., 2017).   
 
In alpine watersheds, climate change over decades to centuries represents a possible driver of 
changing upstream sediment delivery (O’Connor and Costa, 1993; Heckmann et al., 2016; 
Carrivick and Heckmann, 2017; Lane et al., 2017; Naylor et al., 2017). Recent changes in 
glacier area (e.g. Zemp et al., 2009), snowpack persistence, and hydrology (e.g, Stewart, 2009) 
in headwater settings have been documented. Whether these changes in headwater conditions 
are likely to result in downstream channel responses is less clear, and depends both on the 
sensitivity of headwater sediment delivery to short-term climate change and the degree to which 
changes in headwater sediment delivery are propagated downstream and persists as a 
significant perturbation to the downstream alluvial system (Lisle, 2008; James, 2010; Bogen et 
al., 2015; Lane et al., 2017). In the context of potential changes to downstream alluvial rivers, 
the delivery and transport of coarse material that forms the channel bed is most directly 
relevant. 
   
In western Washington State, sediment-rich rivers draining glaciated stratovolcanoes of the 
Cascade Range traverse the populated Puget Lowlands before entering Puget Sound (Figure 
1). Understanding the geomorphic evolution of these dynamic river systems is of practical 
importance for management of channel migration and flood risks, as well as preservation of 
regionally-iconic salmon populations. Correlations between sediment fluxes or channel form and 
regional climate suggest that sediment and channel processes in the region may be responsive 
to decadal-scale climate variability (Menounos and Clague, 2008; Czuba et al., 2012b; East et 
al., 2015; Anderson and Konrad, 2019). However, the mechanisms and regional consistency of 
these linkages remains poorly understood.   
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Figure 1. Overview map of White River watershed. A) White River watershed and surrounding 
area. B) Simplified map of different routings of the lower White River over the Holocene. Light 
green dashed line indicates approximate location of the White River Fan. Dark green dashed 
line indicates county line between Pierce and King Counties, Washington. 
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This study focuses on the White River, which has its headwaters in glaciated terrain on the 
north flank of Mount Rainier (Figure 1). Management concerns in the White River center on 
sediment delivery to a populated alluvial fan near the river’s mouth, where chronic deposition 
over the past century has already  
 
substantially decreased flood conveyance (Dunne, 1986; Herrera Environmental Consultants, 
2010). Since the alluvial fan traps essentially all delivered coarse sediment, any climate-driven 
change in coarse sediment flux would be expected to have a direct impact on deposition rates.   
 
The motivation for this study is to provide guidance on how forecasted changes in glacier extent 
and hydrology may influence coarse sediment transport rates in the lower reaches of the White 
River. Since this question is inherently related to the watershed-scale delivery and routing of 
coarse sediment, the approach here focuses on improving understanding of those coarse 
sediment dynamics using observational data collected over the past century, with a focus on the 
past decade. The primary tool of this study is the analysis of high-resolution topographic 
change, with coverage extending from proglacial headwaters down to the alluvial fan. These 
data are used in combination with existing measurements of sediment flux, historic channel 
surveys, and geomorphic analysis of stream gage data to better understand how sediment is 
delivered and routed through the watershed. Specific analyses include assessments of erosion 
and sediment delivery in the proglacial headwaters; quantification of recent changes in sediment 
storage along the length of the valley floor; assessment of sediment trapping in a mid-basin 
dam; and evaluation of river profiles and change in the lower river based on detailed surveys 
from 1907. Results are used to qualitatively discuss the likelihood that short-term variations in 
climate would influence sediment delivery to the lower river, and, more generally, about the role 
of storage and disturbance in watershed-scale coarse sediment transport. 

2 Setting 
 
Locations along the White River are discussed in terms of kilometers upstream from confluence 
with the Puyallup River, measured along the valley centerline (Valley kilometers, or Vkm). The 
White River is broken up into four study reaches with similar physiographic characteristics 
(Figures 1, 2). The West Fork White River, as a key sediment-rich tributary, constitutes a fifth 
study reach. Locations along the West Fork White River are notated as WF-Vkm, starting at 
WF-Vkm 70 at the confluence with the White River and increasing upstream. 
  

2.1 Geology, hydrology and channel morphology of the White River 
The White River drains a 1,279 km2 basin with headwaters on the north flank of Mount Rainier 
(4392 m) in Washington State (Figures 1, 2). Mount Rainier and surrounding headwaters are 
located within the federally designated Mount Rainier National Park. The White River emerges 
from the terminus of the Emmons Glacier, and then flows 105 kilometers before joining the 
Puyallup River and emptying into south Puget Sound. Major tributaries to the White River 
include the West Fork White River, which emanates from the Winthrop Glacier on Mount 
Rainier, and the unglaciated Greenwater and Clearwater rivers.  
 
The White River Basin is located within a rain-snow mixed precipitation regime. The largest 
magnitude floods occur in fall and winter, associated with warm rain or rain-on-snow events 
often referred to as atmospheric rivers (Neiman et al., 2011; Konrad and Dettinger, 2017). 
Smaller discharge peaks occur in the spring in association with snowmelt run-off 
(Supplementary figure 1).   
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Figure 2. Longitudinal profile of White and West Fork White Rivers and extents of high-
resolution topographic surveys. A) Longitudinal profiles of water surface elevation, based on 
2008 and 2011 lidar, along with reach divisions and locations of gages, major tributary 
confluences, and dams. B) Longitudinal extent and collection year for high resolution 
topographic surveys.  
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Mount Rainier is a heavily glaciated stratovolcano composed of stratified andesite and dacite 
lavas (Driedger and Kennard, 1986; Reid et al. 2001). The mountainous terrain surrounding 
Mount Rainier is formed of a complex assemblage of tertiary intrusive and extrusive volcanic 
rocks. Most of the valley floor of the White River has been extensively influenced by late-
Pleistocene and Holocene volcanic and glacial processes and include deposits from several 
large lahars and both alpine and continental glaciation (Crandall, 1971; Crandall and Miller, 
1974).  
 
As a result of the combined effects of glacial and post-glacial processes, the White River flows 
through a regionally consistent sequence of reaches with distinct morphologic character (Collins 
and Montgomery, 2011). These include mountain valley headwaters (Park and Upper Reaches), 
a short, steep bedrock canyon (the divide between the Upper and Canyon Reaches), a post-
glacial valley, in which rivers have incised through glacial till deposits (Canyon Reach), and a 
low-gradient glacial valley, where deep embayments left after the retreat of continental ice 
sheets have been progressively filled by post-glacial deposition (Fan Reach). The White River is 
predominately alluvial, with bed material composed of sand, gravel and cobbles. Subsurface 
grain size distributions are relatively consistent down the length of the basin, with median 
diameters of about 30-50 mm (Supplementary figure 2; see supplementary text for data 
collection methods).  
 

2.2 The Osceola Mudflow 
The White, Puyallup and the north-neighboring Duwamish River systems (Figure 1) were 
substantially modified by the Osceola mudflow, a 5,600-year old, 3.8 km3 lahar originating on 
the northeast flank of Mount Rainier (Crandall, 1971; Mullineaux, 1974; Dragovitch et al., 1994; 
Vallance and Scott, 1997). Prior to that event, the White River turned south near the mountain 
front (~Vkm 40), connecting to the Puyallup River via the Carbon River (Figure 1). The Osceola 
Mudflow choked that southern route, causing the river to avulse and flow over a broad plain of 
glacial drift to the northwest and ultimately fall into a north-south trending embayment (the 
modern Duwamish and Stuck River Valleys). The Canyon Reach of the White River was formed 
as the river incised through the glacial drift, with sediment deposited downstream formed the 
White River Fan.  
 
At the time of the Osceola Mudflow, the Stuck River Valley was a shallow deltaic setting formed 
by the Puyallup River, while the Duwamish Valley was a deep marine embayment (Dragovitch 
et al., 1994). Most of the substantial sediment load carried by the White River in the post-
Osceola period was routed to the north, filling the Duwamish River Valley (Dragovitch et al., 
1994; Figure 1b).  
    

2.3 The 1906 avulsion and historic channel and flow modifications 
The White River watershed changed substantially again over the 20th century, due to both 
natural and human influences. During European settlement of the area in the 19th-century, the 
White River turned north where it exited the Canyon Reach through the Duwamish River Valley, 
exiting into Puget Sound near Seattle (Figure 1). The valley connecting the upper White River to 
the Puyallup River was then occupied by the Stuck River, a small distributary of the White River 
(Ober, 1898). Examinations of valley-floor geometry and surficial deposits in 1907 indicated that 
the northern Duwamish route had been the primary course of the lower White River for at least 
several hundred years prior (Chittenden, 1907).  
 
In 1906, a log jam formed during a large flood blocked the course of the White River near Vkm 
11, redirecting the White River over a low divide into the Stuck River Valley and down to the 



 

7 
 

Puyallup River (Figure 1b). This avulsion moved the main thread of the flood-prone White River 
out of the jurisdiction of King County, to the north, and into the jurisdiction of the southern-more 
Pierce County. Pierce County agreed to retain the river and, in partnership with King County, 
formed the Inter-County River Improvement Commission (ICRIC) in 1914 to jointly manage the 
new lower White River and the enlarged Puyallup River. Major activities performed by the ICRIC 
included the construction of the Auburn Wall near Vkm 11, which permanently closed off the old 
river course to the Duwamish Valley, straightening of the lower Puyallup, and dredging the new 
alignment of the lower White River. Construction of bank protection structures, levees and 
clearing of woody debris occurred throughout both the White and lower Puyallup Rivers.  
 
Damaging floods in the 1920s and ‘30s motivated the search for a flood-control dam site, which 
culminated in the construction of Mud Mountain Dam (MMD) from 1939-1948 in a narrow 
canyon near Vkm 40. Since 1948, MMD has been operated with the primary goal of reducing 
peak discharges on the lower Puyallup, by de-synchronizing water inputs from the White River, 
and a secondary goal of reducing peak discharges in the lower White River itself. The dam 
typically holds little to no pool over most of the year and is filled only during floods. Stored water 
is typically released within several days to weeks through tunnels with invert elevations near the 
pre-dam river bed, allowing most of the accumulated silt and sand to continue moving 
downstream (Dunne, 1986). However, the degree to which the dam traps or passes the gravel 
fraction of the upstream sediment load has not been established. Starting in 2009, the 
aggradation and loss of flood conveyance in the Fan Reach caused the Army Corp to reduce 
maximum outflows from the dam to 200 m3/s, down from the pre-2009 limit of 340 m3/s (Figure 
3b).   
 
Water and sediment fluxes in the lower White River have also been modified by a low-head 
diversion dam near Vkm 33, constructed in 1911 for hydroelectric power generation from lake 
Tapps. The 3.5 m high dam was constructed with 2-m high wooden flashboards that purposely 
fail during floods, reducing the diversion of water and sediment and allowing some of the 
sediment accumulated upstream to pass (Cooper, 1983). Prior to 2005, the Buckley Dam 
diverted an annual average of 20 to 30 m3/s, representing about 60% of the total upstream 
discharge. These diversions carried large volumes of suspended silt and sand, which were 
trapped in settling ponds. Prior to 1975, diverted sediment was periodically sluiced back into the 
river, while more recent diversions have been permanently removed from the river (Dunne, 
1986). Information about the diversion of gravel is limited; anecdotal reports indicate that, at 
least prior to 2005, some amount of gravel accumulated in the diversion's settling ponds. 
However, the intentional failure of the flashboards and the practice of closing the diversion 
during floods (Dunne, 1986) suggest gravel diversion rates would likely have been low during 
periods when most gravel transport would occur, and that long-term gravel diversions were 
likely small relative to the load passing the dam. Mean annual diverted flows dropped to below 
three m3/s in 2005 (Figure 3b) when hydropower generation ceased, likely associated with a 
similarly-large drop in diverted sediment volumes. 
 

2.4 Sediment sourcing, transport rates, and downstream aggradation  
Deposition of sand and gravel in the Fan Reach has been a chronic and well-documented issue 
(Dunne, 1986; Prych, 1988; Sikonia, 1990; Herrera Environmental Consultants, 2010; Czuba et 
al., 2010, 2012a). Multiple lines of evidence indicate that the White River Fan traps essentially 
all delivered bed load (Czuba et al., 2012a). Prior to the 1980s, regular dredging was used to 
maintain flood conveyance through this reach, but this practice has ceased. Since the late 
1980s, the lower river has aggraded about two meters, averaging about 0.05 m/yr  
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Figure 3. Long-term discharge records and lower-river aggradation trends. A) Daily mean 
discharge records for the unregulated upper river at USGS 12097000. B) Daily mean discharge 
records for the lower river at USGS 12100500, in the regulated Fan Reach. Methods used to 
extend available gage records to the long-term records show here are described in the 
supplemental text. C) Aggradation trends in the Fan Reach, based changing stage-discharge 
relations at USGS gages and repeat cross sections co-located with gage sites (Prych, 1988; 
Czuba et al., 2010).   
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(Herrera Environmental Consultants, 2010). Long-term gage records suggest an overall net 
aggradation of about three meters in this reach since 1945 (Figure 3c). Concerns about 
aggradation in the Fan Reach motivated watershed-scale assessments of coarse sediment 
dynamics in the White River by Dunne (1986) and, as part of a larger study of the Puyallup 
watershed, by Czuba et al. (2010, 2012a). Dunne (1986) cited the poorly-sorted character of 
bed material and the geologic context of the Osceola Mudflow to argue that most of the gravel 
load in the lower river was likely sourced through erosion of the Canyon Reach, even if most of 
the suspended load came from the upper glaciated watershed. Czuba et al. (2010, 2012a) 
presented a wide range of analyses that focused on Mount Rainier as a significant source of 
both suspended and bed load material to the lower reaches of the White and Puyallup River 
systems.   
 
Previously-developed sediment rating curves, based on correlations between measured 
sediment flux and either discharge or turbidity, provide estimates of annual sediment loads 
carried by the White River. From 2011-18, estimated suspended sediment loads in the both 
upper watershed (immediately upstream of MMD; Nelson, 1979) and in the lower water shed (at 
the upstream extent of the Fan Reach; Czuba et al., 2012a) averaged about 550,000 tonnes/yr, 
composed of 60% sand and 40% silt and clay. Though there is substantial uncertainty when 
comparing rating curves developed in different eras (Warrick, 2015), the general similarity in the 
magnitude and grain size of these estimates support the notion that most of the suspended silt, 
sand and clay is sourced from the watershed upstream of MMD, and that MMD does not 
persistently trap much of the suspended sediment load. This latter point is independently 
corroborated by the lack of measured accumulation behind MMD (Dunne, 1986). 
 
Estimated annual bed load flux in the upper Fan Reach was 35,000 tonnes/yr from 2011-18 
(24,000 m3/yr; here and throughout, relations between mass and volume for bed load and bed 
material are based on a bulk density of 1.6 tonnes/m3), composed of 50% sand and 50% gravel 
(Czuba et al., 2012a). A measurement-based bed load rating curve developed above MMD 
nominally produces a similar estimate of the mean annual bed load flux (Nelson, 1979). 
However, the 1970s upper-watershed measurements were primarily composed of sand that 
typically moves in suspension (Supplementary figure 2). A re-analysis of these measurements, 
truncated to only include material coarser than 0.5 mm, suggests a 2011-2018 mean bed 
material flux of about 6,500 m3/yr. However, this is considered a very rough estimate given the 
age and questionable accuracy of these upper-watershed measurements. 
 

2.5 Historic and forecasted regional climate change  
Over the period of the observational record, mean annual temperatures in Puget Sound show a 
long-term increasing trend, while annual precipitation has shown no long-term trend (Mauger et 
al., 2015). Decadal variability in conditions in the north Pacific Ocean, characterized in indices 
such as the Pacific Decadal Oscillation or the North Pacific Index, drive similar decadal 
variability in regional climate and climate-impacted processes (Mantua and Hare, 2002; 
Whitfield et al., 2010). Glaciers on Mount Rainier have generally been retreating since the mid-
19th century, with rapid retreat from 1920-45 and since about 1980 and a period of re-advance 
from 1950-80 (Nylen, 2004); similar trends are seen throughout the region (i.e. Dick, 2013). 
Peak accumulation of seasonal snowpacks show multi-decadal variability with a weak overall 
negative trend since 1930 (Stolinga et al., 2010).  Secular trends in annual maximum 
precipitation and river discharge in rain-fall dominated flood systems, such as the White River, 
tend to be positive, though trends are typically small in comparison to variability (Mass et al., 
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2011; Mastin et al., 2016; Figure 3a; see supplementary text for approaches used to create 
long-term hydrologic records shown).  
 
Over the next 50-100 years, regional climate models project continued increases in 
temperature, loss of glacier area, and increased probabilities of precipitation falling as rain with 
good confidence (Hamlet et al., 2013; Frans, 2015). The magnitude of the largest rain and flood 
events are forecasted to increase, though uncertainty in these forecasts is large (Salathé et al., 
2014; Tohver et al., 2014; Warner et al., 2015). Total precipitation is not forecasted to change 
markedly.   
 
Based on forecasted changes in regional climate, we identify two potential pathways for by 
which those climate changes might impact sediment delivery to the lower White River. First, loss 
of glacier and snow cover, coupled with increases in storm magnitude or frequency, may 
increase sediment delivery from headwaters on Mount Rainier. If this signal is propagated 
through the watershed, sediment delivery to the Fan Reach may increase for a given flood. 
Second, increasing frequencies or magnitudes of floods may increase sediment fluxes 
throughout the watershed, regardless of whether sediment concentrations during a given flood 
change.  

3 Methods  
 

3.1 High-resolution topographic differencing 
Differencing of high-resolution topographic surveys was used to assess changes in sediment 
storage along the length of the White River Valley floor and in proglacial basins. A total of 11 
high-resolution (0.5-2 m) rasterized digital elevation models (DEMs) were used in this study, 
and differenced to create DEMs of difference (DoDs) (Figure 2, Table 1) showing geomorphic 
change between surveys. Six of these DEMs were derived from aerial lidar publicly-available 
through the Puget Sound Lidar Consortium (Table 1). The remaining five were derived using 
Structure from Motion (SfM) photogrammetry as part of this study. Collection of source imagery, 
ground control, and processing for 2015 and 2017 SfM surveys, which covered the proglacial 
zones of the Emmons and Winthrop Glaciers and the upstream-most 20 kilometers of the White 
and West Fork White Rivers, follow methods described in Anderson et al. (2017). Ground 
control for pre-existing imagery, which includes photos of the Emmons proglacial area from 
2005 and the Winthrop proglacial area from 1979, was derived from 2008 aerial lidar intensity 
images, but was otherwise processed in the same fashion as the new imagery collections. 
Details of SfM products are available in a USGS repository (Anderson and Jaeger, 2019)  
 
In two instances, DEMs from different years were combined to provide complete spatial 
coverage in a reach. In the upper Fan Reach, data from a 2002 lidar survey was used to fill a 
two-kilometer gap in the 2004 data (Figure 2). In the West Fork White, lidar from 2008 and 2011 
were used in combination to provide a spatially-continuous baseline to compare against 2017 
topography.   
 
Highly-correlated or systematic relative errors between differenced DEMs can introduce 
substantial error into estimates of geomorphic change (Anderson, 2019). A variety of co-
registration methods were used to reduce these errors. In areas downstream of the proglacial 
basins, measured change along road surfaces (Fan, Canyon, and Upper reaches) or stable, 
bare-gravel surfaces (Park, West Fork reaches) were used to estimate and correct 0.05-0.50 m 
vertical registration offsets between datasets. The vertical correction was allowed to vary 
continuously along the length of the valleys. In the proglacial basins, both vertical and horizontal 
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offsets were corrected based on systematic relations between slope, aspect, and measured 
change on stable, unvegetated hillslopes (Nuth and Kaab, 2011). Non-linear ‘doming’ errors in 
proglacial SfM datasets (James and Robson, 2014) were further reduced by interpolating and 
subtracting a continuously-varying error surface, fit to measured change in stable parts of the 
landscape using a kernel-based interpolation scheme.  
 
Differences in discharge at the time of the different lidar surveys results in measured volumetric 
change purely due to the different volumes of water held in the channel, creating an effective 
systematic error if results are interpreted in terms of sediment storage alone. To isolate 
volumetric change related to sediment storage, we used cross-sectional hydraulic relations to 
adjust the water surface elevation in the survey with lower discharge to the elevation we would 
expect at the discharge at the time of the second, higher-discharge survey. This involved two 
steps; first, channel width and local water surface slope were extracted at a cross-section from 
the lower-flow lidar survey, and Manning’s equation was iteratively applied to estimate the 
thalweg depth for a simple triangular cross section that passed the known discharge. That cross 
section was then extended using bank geometry extracted from the lidar, and Manning’s 
equation again used to iteratively raise the water surface until the estimated discharge matched 
that of the higher-discharge survey. A Manning’s N value of 0.04 was used throughout; different 
values of N result in different estimates of thalweg depth, but only weakly influence estimates of 
corrected water surface elevation.  
 
This process was repeated at cross sections at 100-200 m intervals, after which the new 
estimated water surface elevations were interpolated into a continuous rasterized estimate of 
water surface elevation at the higher discharge. Points in the lower-discharge raster falling 
below this elevation were replaced with the estimated water surface elevation. This process was 
only applied in the Fan, Canyon and Upper reaches, since differences in river stage in the 
braided and geomorphically-active Park and West Fork White reaches represented a negligible 
fraction of total geomorphic change.  
 
After correcting surveys to a common effective discharge, and assuming there have not been 
substantial changes in reach-scale depth-discharge relations between surveys, the effective 
volume of water held in a given reach should be the same in both surveys. Any measured 
volumetric change between surveys should then primarily reflect changes in sediment storage. 
This includes changes in storage occurring in areas that were submerged in one or both 
surveys. Estimates of volumetric change using these discharge-corrected DEMs are then 
considered to be relatively complete estimates of storage change across the entire active 
channel.          
 
Longitudinal patterns of gross erosion, deposition and net change were quantified using regular 
valley-spanning polygons covering 250-m (Park and West Fork Reach) or 500-m (Fan, Canyon 
and Upper Reach) swaths of the valley floor, measured along the valley centerline. To reduce 
the possible influence of any uncorrected systematic errors, the area of analysis was truncated 
to exclude broad areas of the valley floor where both measured change and geomorphic 
position suggest no fluvial geomorphic change occurred. Before calculating gross erosion or 
deposition, a uniform threshold was applied to all DEMs of difference (DoDs). A threshold value 
of 0.25 m was selected as the typical of two-sigma range for random errors across the various 
datasets.     
  
 
 
 



 

12 
 

 
 
Table 1. Data used in study 
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Spatial patterns in sediment storage were visualized as the cumulative sum of net change, 
starting at the upstream edge of the DoD extent and moving downstream (“downstream 
cumulative net change”). Reaches of net erosion appear as a downward-trending line, while net 
depositional reaches appear as upward trending lines. The slope of the line provides a measure 
of the rate of change (m3/km), and the vertical difference between any two points on the line is a 
measure of the net change over the intervening reach. 
 

3.1.1 Estimating uncertainty in topographic change 
Uncertainty in reach-scale results of net change was estimated using reaches with coverage in 
three DEMs, based on a comparison of how closely estimates based on the direct differencing 
of earliest and latest DEMs matched the sum of estimated change over the two sub-intervals. 
Co-registration and delineation of the geomorphically-active areas were done independently for 
each of the three possible analysis intervals (first to second, second to third, or first to third) in a 
given reach. Differences in the mean vertical change estimates using the direct and sum-of-
steps analyses were -0.029, -0.041 and 0.007 m in the Canyon, Upper, and Park reaches, 
respectively. A uniform uncertainty of ±0.05 m was then used to calculate volumetric uncertainty 
bounds. This estimate represents the potential mean error over long reaches and is not an 
indication of point-level precision.  
 

3.1.2 Relating channel change and bed material flux 
Mass balance implies that changes in channel storage are inversely related to changes in bed 
material fluxes, quantitatively described here using a simplified one-dimensional expression of 
the continuity equation, 
 

∆𝑉 = 𝑄𝑆,𝑖𝑛 − 𝑄𝑆,𝑜𝑢𝑡 
 
where ∆V is the net volumetric change in a reach and QS,in and QS,out represent the sediment 
fluxes at the upstream and downstream edges of that reach, respectively (Exner, 1925; Paola 
and Voller, 2005). If the absolute flux of bed material can be quantified at any point within a 
DoD, either through direct measurement or by identifying a location where the flux is presumed 
to be zero, continuity of mass can be used to estimate the absolute flux at any other point in the 
DoD (Lane et al., 1995).  
    

3.2 1907 channel surveys 
Chittenden’s (1907) report following the 1906 White River avulsion included detailed surveys of 
the Lower Puyallup River and the pre- and post-avulsion channels of the White River. These 
surveys include regular channel cross sections, water surface elevations, and high-water marks 
from the 1906 flood. These surveys capture the condition of the White River immediately after 
the 1906 avulsion but prior to the significant human modification that followed.  
 
Scanned survey sheets were georeferenced using township and range corners and road or 
railroad alignments. A consistent offset between modern lidar elevations and 1907 survey points 
in stable, flat parts of the valley floor were used to reduce the 1907 elevations to modern North 
American Vertical Datum of 1988 (NAVD88) elevations. Channel position and elevations of the 
low-flow water surface and thalweg were digitized and compared against 2011 lidar water 
surface elevations to assess profile changes over the past century. 
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3.3 Mud Mountain Dam Cross sections 
Repeat cross sections in the Mud Mountain Dam impoundment, collected from 1951 to 2011, 
were supplied by the U.S. Army Corps of Engineers (USACE). Because of inconsistencies in 
data collection frequency or methods, a complete record of comparable cross sections was only 
available from 1960-2011, and only covered over the lower half of the impoundment area 
(Supplementary figure 3).  
 
Surveys collected from 1960-93 all referenced the same concrete benchmarks set at cross 
section ends, and so share a common vertical datum. That datum is nominally referenced to the 
National Geodetic Vertical Datum of 1929 (NGVD29). The most recent 2011 survey was based 
on newly-established controls referencing NAVD88, based on survey-grade global navigation 
satellite system (GNSS) occupations. After first converting 1993 data to NAVD88 elevations and 
sub-setting points to those collected on moderate slopes above 350 m elevation (above the 
height of most impoundment pools and so unlikely to have experienced sediment 
accumulation), a persistent offset of 0.8 m was identified between the 1993 elevations and 2011 
lidar elevation. This offset is presumed to arise from imperfect establishment of absolute 
elevations on the original concrete benchmarks used in pre-2011 surveys. This offset was then 
applied to all surveys collected on or before 1993 to bring them into alignment with NAVD88 
elevations.  
 
To isolate changes in coarse sediment storage from changes in fine sediment storage, the latter 
of which accumulate higher along the valley walls, cross sections were truncated to include only 
the lateral widths of the active channel and adjacent low surfaces. Changes in cross section 
area were calculated over those truncated lateral extent. Volumetric change over the lower half 
of the impoundment pool valley floor was then calculated by multiplying the length between 
sequential cross sections by the average area-change in those bounding cross sections.  
 

3.4 Geomorphic analysis of stream gage records 
Streamflow measurements made in support of stream gaging can provide long-term records of 
channel adjustments with monthly temporal resolution (James, 1991; Slater et al., 2015; 
Anderson and Konrad, 2019; Pfeiffer et al, 2019). Changing channel conditions were assessed 
based on changes in stage-discharge relations and Froude number (Fr = U/(gD)0.5, where U is 
the mean velocity, D is the mean depth, and g is the acceleration of gravity). Changes in stage-
discharge relations are interpreted as primarily a measure of changing channel elevation at the 
hydraulic control for the gage site (Anderson and Konrad, 2019). Changes in Froude number 
are interpreted as a measure of changing channel roughness, and, in the sediment-rich and 
gravel-bedded White River, primarily as a measure of changing bed material conditions; lower 
Froude numbers suggest relatively rougher, more armored bed state, while higher Froude 
numbers indicate smoother bed conditions with abundant highly-mobile material (i.e. Ritchie et 
al., 2018). 
 
Changes in stage-discharge and Froude number were both assessed by defining an average 
relation between discharge fit using LOESS (Cleveland and Devlin, 1988) curves, and then 
assessing stage or Froude residuals relative to that relation over time (James, 1991; Anderson 
and Konrad, 2019). This analysis was limited to measurements made below the 75th percentile 
daily mean flow, and so excludes high-flow measurements that tend to show more random 
variability. For Froude number, the residual for a given measurement was added to the LOESS-
fit Froude number at 40 m3/s, which is approximately mean annual flow at all relevant gages. 
The resulting time series is then effectively an estimate of the Froude numbers we would have 
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expected to see if all measurements over time were made at the same moderate discharge, and 
was done so that Froude numbers retained a physically-meaningful range from zero to one.  

4 Results 
Results are presented in a sequence of vignettes, encompassing observation from specific 
reaches and presented in upstream to downstream order. Most sections include some amount 
of interpretation of section-specific results in order to facilitate a broader discussion of the 
integrated watershed-scale implications. 
 

4.1 Winthrop proglacial and West Fork White River 
Since 1979, geomorphic activity in the Winthrop proglacial area has been dominated by 
extensive erosion during a large 2006 storm (Figure 4, Supplemental figure 3; see Legg et al. 
(2014 for) details of the 2006 storm). Erosion primarily occurred within a set of gully-like 
channels running along the western margin of the glacier (Figure 4a). Net erosion from 1979 to 
2008, essentially all of which is attributable to the 2006 event, was at least 2,400,000 m3 (Table 
2). This total does not include erosion in areas where erosion of sediment was obscured by 
removal of vegetation or ice, and so likely underestimates of total erosion. Sediment entrained 
in the 2006 storm began to drop out near WF-Vkm 96, just upstream of a narrow bed rock 
canyon, and 5-10 m deep deposition continued to the downstream extent of the DoD (WF-Vkm 
93). Pervasive young terraces observed in the field in 2017 suggest substantial deposition 
continued for several kilometers beyond this point.   
 
Since 2008, geomorphic activity in the Winthrop proglacial area predominately involved the 
slumping eroded gully channels, with material accumulating at the toe of these slopes, and 
minor re-working of sediment on the valley floor (Figure 4b). Net change over the 2008-17 was 
nominally negative, indicating little to no next export (Table 2).  
 
The West Fork White Valley downstream of the Winthrop proglacial area was predominately 
erosional over the 2008/11-2017 period of record (Figure 4c-e). Erosion from WF-Vkm 96 and   
94 was balanced by deposition between WF-Vkm 93.5 and 91, indicating material eroded from 
2006 storm deposits upstream of the bed rock canyon were largely deposited in the valley floor 
downstream. After a short stable reach, erosion resumed near WF-Vkm 90 and continued to the 
confluence with the mainstem White River. Although spatial patterns of erosion and deposition 
were complex at both the process unit scale and over kilometer-scale reaches, the mean rate of 
erosion downstream of WF-Vkm 90 was relatively consistent rate when averaged over several 
kilometers. This is apparent in the approximate linear trend in the cumulative downstream net 
change (Figure 4d).  
 
The absence of measurable net erosion upstream of WF-Vkm 90 over the 2008/11-17 interval 
implies that net erosion downstream of WF-Vkm 90 was the dominant source of bed material 
exiting the basin over this period. That total erosion was 154,000 ± 70,000 m3, equivalent to a 
mean bed material export of 26,000 ± 11,500 m3/year (Figure 4; the 2011-17 interval was used 
to calculate this average, since nearly all the relevant erosion occurred within the extents of 
2011-17 differencing).     
 
 
 



 

16 
 

  
Figure 4. Topographic change in the Winthrop proglacial area and downstream West Fork White 
River (WFWR). A) DEM of difference showing elevation change in the Winthrop proglacial area 
and upper-most extents of the West Fork White River from 1979 to 2008 and B) from 2008 to 
2017. Star at WFW-Vkm 97 in B indicates start of fluvially-dominated geomorphic change 
quantified in C; geomorphic change upstream of that point is summarized in Table 2. Shaded 
areas indicate extent of the Winthrop Glacier. Note that range of vertical change indicated by 
color ramps in A is substantially larger than for B or E, due to the exceptional magnitude of 
change that occurred over the 1979-2008 interval. C) Gross deposition, gross erosion and net 
change in sequential 250-m sections of the West Fork White River from 2008 to 2017 (upstream 
of WFW-Vkm 87) or 2011 to 2017. Grey dashed lines indicate 95% limits of detection. D) 
Downstream cumulative net change and 95% confidence intervals. Brackets in C and D indicate 
the location of change shown in B and E. E) Example DEM of difference from the West Fork 
White River. Flow is from top to bottom. Inset in upper right of figure indicates extent of analysis 
relative to entire watershed (brackets) and specific locations of A/B and E (stars).  
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Table 2. Volumetric change in proglacial basins. 

 
 
 

4.2 Emmons proglacial zone and White River, Park Reach 
In contrast to substantial erosion observed in the Winthrop proglacial area in association with 
the 2006 storm, the Emmons proglacial area experienced modest geomorphic change over the 
2005-08 interval and was predominately depositional (Figure 5a). The most extensive 
deposition occurred in a downstream-tapering wedge immediately below the Emmons terminus, 
with a total volume of about 75,000 m3. Based on the lack of any upstream source area and 
alignment with the glacier outlet stream, we believe this material represents the deposition of 
sub-glacially scoured sediment carried by an outburst flood; such outburst floods are well-
documented in glaciers on Mount Rainier and other regional stratovolcanoes (Driedger and 
Fountain, 1989; Walder and Driedger, 1994; Slaughter, 2004).  
 
From 2008 to 2017, the Emmons proglacial valley floor experienced minor fluvial re-working 
along the primary glacier outlet stream (Figure 5b). Additional geomorphic activity included 
erosion along a channel running along the glacier-left margin, with material deposited where the 
channel exited on to the wider valley floor, and concentrated deposition from a debris flow or 
rockfall along the right margin of the valley. Geomorphic change in these latter two cases were 
volumetrically minor and do not appear to have delivered material to the primary outlet stream. 
Since at least 2005, the low gradient proglacial valley floor below the Emmons Glaciers has 
then been acting primarily as a sink for coarse sediment, with little evidence for substantial 
coarse sediment export.  
 
The White River at Vkm 105.4, immediately below the Emmons 19th-century terminal moraine, 
experienced essentially no detectable geomorphic change from 2008-17, consistent with a 
limited export of coarse sediment from the upstream proglacial basin (Figure 5b-f). Fluvial 
mobilization of bed material in the valley began at Vkm 105, associated with deposition from a 
bluff of glacial material on river left. Downstream of this point, we observe consistent 
geomorphic activity, and consistent net erosion, down to Vkm 103. Over the 2008-17 interval, 
net erosion of the valley floor downstream of the proglacial limits then appears to have been 
dominant source of bed material exported past Vkm 103. That erosion, 30,000 ± 10,000 m3, 
equates to an annual bed material flux of 3,000 ± 1,000 m3/yr 

Gross deposition Gross erosion Net change *

Winthrop 1979 2008 30,000 2,420,000Ϯ -2,400,000

Winthrop 2008 2017 160,000 180,000 -20,000

Emmons 2005 2008 110,000 55,000 60,000

Emmons 2008 2017 3,700 10,000 -6,000

Emmons (not 

connected to outlet)
2008 2017 29,000 < 500 30,000

* Net change is based on unthresholded DoD and may not exactly equal gross deposition minus gross erosion
Ϯ Minimum estimate; does not include erosion of sediment in areas with glacier ice or vegetation in 1979

Basin Start Year End Year
Volumetric change, in cubic meters
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Figure 5. Topographic change in the Emmons proglacial area and Park Reach of the White 
River. A) DEM of difference showing elevation change in the Emmons proglacial area and 
upper-most Park reach of the White River from 2005 to 2008 and B) from 2008 to 2017. Shaded 
areas indicate extent of the Emmons Glacier. Inset highlights onset of geomorphic change 
downstream of the 19th century moraine. C) Gross deposition, gross erosion and net change in 
sequential 250-m swaths of the Park Reach of White River, 2008 to 2015. Grey dashed lines 
indicate 95% limits of detection. D) Downstream cumulative sum of net change and 95% 
confidence intervals, 2008 to 2015. Brackets in C and D indicate extents of topography shown in 
B, G and H. E) and F) as per C and E but for the 2015-17 interval. G) Example DEM of 
difference in the White River for 2008 to 2015 and H) from 2015 to 2017. Inset in upper right 
shows analysis locations as described in Figure 4 caption.    
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Table 3. Summary of DEM of Difference (DoD) results for each of the reaches. 
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The Park Reach downstream of Vkm 103 was geomorphically active over the 2008-17 interval, 
with some degree of change occurring across most of the valley floor (Figure 5c,e,g). Over the 
study period, net deposition from 2008-2015 (104,000 ± 79,000 m3) was largely offset by net 
erosion (-82,000 ± 77,000 m3) from 2015-17, with no detectable net change in storage over the 
full 2008-17 period (Table 3, Figure 5d,f).  
 
From 2008 to 2015, net deposition downstream of Vkm 103 exceeded net erosion upstream, 
implying that the river received bed material from a source not captured in our DoDs (Figure 
5d). Given uncertainty, the volume of this “excess” deposition is not well constrained; 
regardless, several sediment-rich tributaries or the transient deposition of sub-glacially sourced 
sand, which typically moves in suspension during high flows, are both plausible sources for the 
imbalance.  
 
Over both intervals, storage changes in the Park Reach tended to aggregate into coherent and 
alternating reaches of net erosion and deposition, averaging about 0.5-1 kilometers in length 
(Figure 5c, e, g, h). Volumetric net change from 2015-17 largely reversed change from 2008-15, 
both in terms of storage over the whole reach and local storage within those kilometers-scale 
sub-reaches – quantitatively, in a given 250 m reach, volumetric change in 2015-17 was 
negatively correlated with volumetric change from 2008-15 (slope = -0.79, R2 = 0.27, p << 
0.001; Figure 5g, h).  
 

4.3 Upper Reach of the White River 
The Upper Reach of the White River was nominally net depositional from 2007 to 2011, though 
the total change did not exceed uncertainty (Figure 6, Table 3). However, locally-significant net 
deposition or erosion was common over 1-2 km reaches (Figure 6c,d).  
 
Observations from 2011-16 are limited to the lower half of the reach, where the White River 
experienced significant net erosion. This included both erosion of high banks and bluffs and 
overall lowering of the active channel (Table 3, Figure 6e-f, h). The erosion from banks taller 
than 2 m accounted for about 100,000 m3 (about 30 percent) of the total net erosion, and deliver 
material with an unknown, and potentially fine-dominated, grain size. Considering only erosion 
of the valley floor and lower banks, and using the low side of the estimated uncertainty, the loss 
of storage over this reach implies a conservative minimum downstream bed material flux of 
20,000 m3/yr over the 2011-16 interval.  
 

4.4 Sediment trapping in Mud Mountain Dam 
Although Mud Mountain Dam temporarily traps sediment when holding a pool, most of that 
sediment is flushed through low-elevation outlets between floods. The lack of substantial 
deposition in the impoundment area indicates that most of the suspended sediment load is 
flushed past the dam during these draw down periods (Dunne, 1986), through there has been 
no prior analysis of gravel trapping or flushing. Here, we document systematic relations between 
dam operations and channel conditions, both upstream and downstream of the dam, that 
suggest dam operation strategies from 1960-85 tended to promote the trapping of gravel, while 
changes in those operations since 1985 have allowed a more complete throughput of coarse 
material, with downstream fluxes potentially augmented by erosion of previously trapped 
sediment (Figure 7).   
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Figure 6. Topographic change in the Upper Reach of the White River. Figure layout same as 
figure 5, except panels C-F use 500-m valley swaths instead of 250-m swaths. The confluence 
of the West Fork White River (WF WR) is notated on panels C and D.   
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The passage of bed material primarily occurs when pool elevations fall below about 279 m, 
accessing a lower run-of-the-river outlet. From 1960 through 1985, the MMD pool was typically 
held above this elevation most of the year (Figure 7a), creating a small backwater that trapped 
much of the incoming sand and all of the gravel. The accumulated sediment would be flushed in 
targeted draw-down periods of several days, typically during low or moderate flows in the 
summer. Over this 1960-85 period, valley-floor sediment storage upstream of the dam was 
generally increasing, while the channel downstream of the dam experienced a trend of incision 
and decreasing or low Froude number, indicating a coarse or armored bed (Figure 7b-d). 
Periods of sediment flushing correspond to spikes of downstream aggradation, as noted by 
Dunne (1986), and increased Froude numbers, but were generally short-lived and the channel 
tended to return quickly to prior elevations and roughness (Supplemental Figure 4). In 
combination, we interpret these observations to indicate that flushing events were able to 
mobilize large volumes of sand out of the dam, temporarily blanketing the downstream channel, 
but were neither long enough, or associated with enough shear stress, to pass accumulated 
gravel. Gravel storage in the impoundment was then generally increasing, while the channel 
downstream experienced a trend of incision and coarsening.  
 
Starting around 1985, the number of days per year in which MMD was held below 279 m 
increased (Figure 7a). This change in operations corresponds to a switch from increasing to 
decreasing valley floor sediment storage upstream of the dam, and aggradation and increasing 
Froude numbers downstream of the dam (Figure 7b-d). Short spikes of aggradation at the 
downstream gage, previously associated with flushing events, ceased and were replaced by 
more persistent channel adjustments. We interpret these changes as indicating that the 
increased time and energy available to pass coarse sediment re-established a relatively efficient 
throughput of coarse material. Further, observed negative storage trends through the dam 
impoundment area since the mid-1980s (Figure 7b, supplementary Figure 3b) indicate that the  
impoundment reach has been a net source of sediment, such that bed material fluxes passing 
MMD since 1985 have likely been elevated above the natural rate of upstream delivery.  
 
The general trend of aggradation at the gage downstream of the dam ended in 2007 with abrupt 
incision, as accumulated sediment was flushed further downstream. Channel elevation has 
since fluctuated around 0.5 m of variability (Figure 7c). Given that the confined reach around the 
gage is unlikely to be a long-term site of sediment storage (Supplemental Figure 3a), 
fluctuations since 2007 are interpreted as the transient oscillations of a reach where the delivery 
of water and sediment have been desynchronized by MMD operations.  
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Figure 7. Pool elevations in Mud Mountain Dam (MMD) and channel change in downstream 
gage. A) Proportion of water year in which the MMD impoundment was held at various 
elevations. A pool below 279 m corresponds to run-of-the-river conditions and allows the 
passage of coarse sediment. B) Cumulative sediment storage change in the active channel and 
low adjacent surfaces through the MMD impoundment area; analysis only covers lower half of 
impoundment area (Supplementary Figure 3). C) Stage-discharge residuals at USGS gage 
12098500, located two kilometers downstream of the MMD outlet (Supplementary Figure 3). 
Residuals at the time of the 2004 and 2011 lidar acquisitions are indicated. D) Froude number, 
normalized to a common discharge of 40 m3/s. Brackets in C and D indicate timing of records 
shown in supplementary figure 4.   
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4.5 Canyon and Fan reaches 
The Canyon Reach was net erosional over both the 2004-11 and 2011-16 time periods (Figure 
8). Erosion from 2004 to 2011 occurred in three distinct reaches; the first, upstream of Vkm 36, 
represents the re-mobilization of gravel delivered from MMD, as independently observed in the 
gage analysis (Figure 8c). The second, starting at Vkm 34, corresponds to a reach noted to be 
incising after the removal of a grade control structure in 2003 (Herrera Environmental 
Consultants, 2010, pg. 10). After a dynamic but net stable reach from Vkm 30-17, the third and 
most volumetrically-significant erosional reach extends from Vkm 17 to the start of the Fan 
Reach at Vkm 12.  
 
From 2011 to 2016, there was little geomorphic activity from Vkm 33 (the upstream extent of the 
DoD) and Vkm 22. The river was then consistently erosional from Vkm 22 to the start of the Fan 
Reach. Over both 2004-11 and 2011-16 periods, erosion in the Canyon Reach was primarily 
associated with erosion of low banks and an overall lowering of the active channel, with minimal 
volumetric contribution from the tall bluffs bounding the reach (Figure 8a-b).  
 
Over both 2004-11 and 2011-16, the Fan Reach experienced pervasive net deposition that was 
similar in volume to total net erosion in the Canyon Reach. Further, over both intervals, the 
amount of material eroded from the Canyon Reach and deposited in the Fan Reach was similar 
to the bed load flux independently estimated at the boundary of these two reaches from a 
measurement-based rating curve (Figure 8d, f; Czuba et al., 2012a). Coupled with the 
expectation that the Fan Reach traps essentially all delivered gravel, these results present a 
relatively complete and closed bed material budget; sediment deposited in the Fan Reach has 
been almost entirely sourced from net erosion of the Canyon Reach, with relatively little bed 
material flux entering from upstream or exiting out the lower extent of the Fan Reach. Given 
uncertainty in the elements of this local sediment budget, and the fact that about 20 percent of 
total erosion from 2004-2011 represented the remobilization of material recently passed through 
MMD, we do not believe that the upstream flux passing is truly zero. However, these results do 
imply that net erosion of the lower Canyon Reach was a consistent and substantial source of 
the coarse sediment accumulated in the Fan Reach from 2004-16.  
 
The incision we observe in the lower Canyon Reach sine 2004 appears to be part of a longer 
trend. Similar incisional trends in the lower Canyon Reach are observed in repeat cross section 
analyses extending back to the 1970s (Czuba et al., 2010; Herrera Environmental Consultants, 
2010). Channel morphology seen in 1940s aerial photography is clearly visible in the 2016 lidar 
but is now perched 4-5 meters above the 2016 wetted channel (Figure 9). Finally, ICRIC 
engineers in 1936 noted that persistent incision of the lower Canyon Reach was apparent in 
repeat cross sections, and cited this trend as a likely cause of an apparent increase in the 
sediment delivery to the lower river (Herrera Environmental Consultants, 2010). Together, these 
results suggest a persistent incisional trend in the lower Canyon Reach extending back to at 
least the 1930s.  
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Figure 8. Topographic change in the Canyon and Fan Reaches of the White River. Figure layout 
as per figures 4-6. Dashed lines in panels D and F are morphologically-estimated bed material 
fluxes, using an upstream boundary condition of zero sediment flux. Uncertainty in the 
morphologic flux estimate is identical to uncertainty around downstream cumulative net change 
and omitted for clarity. Red points are bed load fluxes estimated from the measurement-based 
bed load rating curve of Czuba et al., 2012b at USGS stream gage 12100490.   
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4.6 White and Puyallup River profiles from 1907 
Detailed surveys of the lower White, Puyallup, and Duwamish River valleys were completed in 
1907, immediately after the 1906 avulsion. Those surveys show that the profile of the new White 
River channel through the Stuck River Valley dropped off steeply immediately downstream of 
the avulsion node (Figure 10). The new channel slope was about 40 percent steeper than either 
the channel upstream or the abandoned, pre-1906 channel course at an equivalent distance 
downstream. The new channel abruptly flattened near Vkm 8 and remained low-gradient until 
joining with the Puyallup, where channel slope again increased.  
 
Comparisons with a 2011 lidar water surface profile indicate that nearly the entire extent of the 
lower White and Puyallup Rivers have lowered two to five meters since 1907. The one 
exception is a stretch of the Fan Reach, centered on Vkm 8, which has filled since 1907. The 
2011 profile has also become more regularly concave than the 1907 profile.  
 
The disjointed 1907 profile of White River through the Stuck River Valley is interpreted as a 
product of the late-Holocene history of river alignments and sediment deposition patterns. After 
the Osceola Mudflow but before 1906, the majority of the sediment carried by the White River 
was routed to the north, into the initially-deeper Duwamish Valley; this is apparent in the much 
greater depths of post-Osceola deposits in the Duwamish Valley (80-100 m) than the Stuck 
River valley (5-10 m; Dragovitch et al., 1994), the relative lack of surficial alluvial deposits in the 
Stuck River Valley in 1907 (Chittenden, 1907), and the northwest alignment of the fan (Figure 
10b). While the White River Fan was being built up at the northern edge of the Stuck River 
Valley, deposition from the Puyallup River was simultaneously creating a broad berm at its 
southern edge, leaving the Stuck River Valley a backwatered, low-energy reach with little 
regular water or sediment input for much of the late Holocene. The 1906 avulsion then 
represents the culmination of a roughly 5,000 year process of filling the Duwamish Valley and 
building the White River Fan up to a point where an avulsion to the south was dynamically likely. 
That avulsion moved the White River off its reasonably graded, though perched, position along 
the primary northwest axis of the fan (pre-1906 profile) to the steep, under-developed southwest 
side of the fan (Rkm 10-13 of 1907 profile) and into the low-gradient backwater of the Stuck 
River Valley (Rkm 0-10).       
 
Much of the lowering of the Puyallup and White Rivers since 1907 can be attributed to human 
modification (Herrera Environmental Consultants, 2010). Net incision of the Puyallup is most 
likely the channel response to significant straightening (Figure 10b); the magnitude of incision 
tapers downstream in such a way that the modern shortened channel has almost exactly re-
obtained its pre-modification slope. This incision was largely accomplished by the 1930s, and 
the lower Puyallup has been stable or weakly aggrading since (Supplementary figure 5).  
 
Downstream of the avulsion node, much of the lowering of the White River is attributable to 
dredging, though channelization and the downstream drop in base-level on the Puyallup may 
have also have contributed (Herrera Environmental Consultants, 2010). Given persistent 
aggradation in this reach, the net change from 1907 to 2011 understates the amount the 
channel was initially dredged; gage records near Rkm 6 indicate that dredging locally lowered 
the channel at least four meters below the initial 1907 profile (Figure 10a).  
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Figure 9. Relic channels and evidence for incision in the White River immediately upstream of 
the 1906 avulsion node. A) Aerial imagery of the White River in 1940 and B) 2009. C) Height 
above 2016 water surface, based on 2016 lidar. Active channels present in 1940 imagery are 
clearly visible in 2016 lidar imagery. 1906 avulsion node is at lower left of image; pre-avulsion 
Stuck River channels run along bottom. D) Cross sections of the White River, valley plotted as 
height above 2016 water surface. Location of cross sections shown in A-C.  
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Upstream of the avulsion node, dredging of the White River has been limited (Herrera 
Environmental Consultants, 2010). Incision in that upstream reach is then primarily attributed to 
the natural channel response to the drop in downstream base-level, initially associated with 
profile changes during the 1906 avulsion and later augmented by dredging. Persistent incision 
observed in the lower Canyon Reach over much of the 20th century (Figures 8, 9) is interpreted 
as the upstream migration of the knickpoint associated with this change in base-level (Begin et 
al., 1981, Schumm, 1993).  
 
We consider whether it’s plausible that knickpoint erosion could have supplied substantial 
volumes of sediment over the entirety of the past century. Knickpoint-related erosion 
conceptualized as an upstream-tapering wedge of material, with a downstream thickness of 4 m 
(Figure 9) and a total planform area of 2.2-2.7 million m2 (the recent active channel area in the 
lower Canyon Reach; Table 3). This geometry implies a total erosion volume of about 4.5-5.5 
million m3, equivalent to about 40,000-50,000 m3/yr from 1907 to 2016. Assuming that recent 
lower-river bed load flux rates of about 24,000 m3/yr are representative of at least the rough 
magnitude of average flux rates over the past century, knickpoint-related erosion in the Canyon 
Reach then seems sufficient to have maintained a persistent and substantial delivery of 
sediment over the entire post-1906 avulsion period.  
 
Finally, we note that the lower Canyon Reach is underlain by a downstream-tapering wedge of 
post-Osceola depositional products, up to 30 m thick (Dragovitch et al., 1994). This implies that 
the lower Canyon Reach must have then stopped incising and began to aggrade at some point 
after the Osceola Mudflow but prior to 1906. This is consistent with the complex response to 
base-level drop described by Schumm and Parker (1973), referring here to the 5,600 year old 
base-level drop associated with the Osceola-triggered avulsion. The incision of the Lower 
Canyon Reach we observed over the 20th century then represents a reversal in recent storage 
trends for that reach, and not a continuation or acceleration of incision on-going since the 
Osceola Mudflow.  
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Figure 10. Longitudinal profiles of the Fan Reach of the White River and Puyallup River based 
on 1907 channel surveys and 2011 lidar. A) Water surface elevation profiles, plotted against 
distance along the 2011 river centerline. Equivalent distances along the valley centerline are 
given along top axis. Water surface profiles for 1907 are estimated based on available 1907 
water surface and thalweg data points. Water surface elevations at river kilometers -6 and 8 are 
based on USGS gage data at gages 12101500 (supplementary figure 5) and 12100500 (Figure 
1C), respectively. Water surface elevation at river kilometer 14 is based on elevation of 
abandoned channels (Figure 10). B) Topography of the White River Fan, Stuck River Valley, 
and adjacent Puyallup and Duwamish valleys. Planform positions of the Puyallup River in 1907 
(white lines) and 2011 (black lines) are indicated to show extent of straightening.   
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5 Discussion 
 

5.1 Coarse sediment dynamics in the White River 
 
We set out to better understand the contemporary sources and routing of coarse sediment in 
the White River watershed, motivated by concerns about how climate may influence coarse 
sediment delivery to the aggrading Fan Reach. Our results point to erosion of the lower Canyon 
Reach, and not glaciated terrain on Mount Rainier, as the dominant short-term source of gravel 
deposited in the Fan Reach (Figures 8, 11). Persistent erosion in the lower watershed is 
identified as an on-going river response to a substantial drop in local base-level triggered by the 
1906 avulsion, and later augmented by dredging of the new channel alignment in the early 20th-
century (Figures 9, 10).  
 
While the 1906 avulsion is identified as the immediate trigger of recent erosion of the Canyon 
Reach, that avulsion and its impacts can be seen as the product of a sequence of geologic 
events extending over the Holocene. That sequence starts with the overall conditioning of the 
landscape by continental glaciation, which left behind vast quantities of mobile sediment that the 
river would later mobilize, and created the poorly-defined lowland drainages in which basin re-
organizing avulsions were possible. The 5,600 year-old Osceola Mudflow triggered such an 
avulsion, initiating the incision of the modern Canyon Reach and the formation of the White 
River Fan. The initial geometry of the embayment into which the fan was built, with the deep 
Duwamish embayment to the north and the relatively shallow Stuck River Valley to the south, 
led to the preferential alignment of the Fan to the northwest and the routing of most water and 
sediment to that northern valley. These conditions likely prevailed over much of the post-
Osceola era, with the Stuck River Valley receiving only minor water and sediment inputs while 
simultaneously becoming backwatered through concurrent deposition at its southern edge by 
the Puyallup River. The 1906 avulsion then represents the culmination of a long process of 
filling in the Duwamish Valley and building up the White River Fan to a point where the Stuck 
River Valley became the hydraulically-preferred route for the White River. This, in turn, initiated 
a sequence of vertical channel adjustments as the White River worked to establish graded 
conditions through the disequilibrium Stuck River Valley.   
 
If the 1906 avulsion itself was an outcome of natural geologic events, the vertical adjustments of 
the White River following that avulsion have been strongly influenced by human management. 
Initial dredging of the new course of the White River in the 1910s decreased the already-
lowered local base-level, and regular dredging through the 1980s prevented that base-level 
from rebounding upwards, despite persistent sediment deposition (Figure 10). Although it is 
reasonable to presume that the 1906 avulsion alone would have triggered some amount of 
upstream incision, the artificial lowering and maintenance of the channel profile through the Fan 
Reach has likely increased the magnitude and persistence of upstream incision relative to that 
hypothetical natural trajectory, and so increased the rate and total volume of erosion-related 
sediment delivery to the fan.   
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Figure 11. Summary of key findings of bed material delivery and transport in the White River 
watershed.  Locations with estimated bed material or bed load fluxes are indicated with red 
arrows; values reflect time periods indicated and may not be representative of long term means. 
Reaches with consistent storage trends and associated longitudinal trends in bed material flux 
over the study period are denoted with grey wedges. Upper right panel summarizes major river 
profile changes in the Fan and low Canyon Reaches.
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The fact that erosion of the Canyon Reach can explain much of the downstream bed load flux 
implies that the watershed upstream of MMD delivers a fractionally modest component of the 
total downstream bed load over management timescales. Importantly, this does not appear to 
be a function of coarse sediment trapping behind MMD (Figure 7). Over the past several 
decades, the dam has most likely been acting as a transport reach for coarse sediment and, 
given on-going erosion in the impoundment area, potentially as a net sediment source 
(Supplementary Figure 3). The modest amount of coarse material passing MMD, relative to total 
delivery to the Fan Reach, then implies that the natural delivery to MMD itself is similarly 
modest. This is consistent with crude estimates of bed material flux based on Nelson’s (1979) 
bed load measurements truncated to the > 0.5 mm fraction, which suggest the upstream bed 
material delivery rate (~6,500 m3/yr) is about a quarter that of fluxes at the head of the Fan 
(~24,000 m3/yr) estimated from 2011 to 2018. However, substantial erosion in the lower half of 
the Upper Reach between 2011 and 2016 suggest that the bed material flux at Vkm 50, a few 
kilometers upstream of Nelson’s (1979) sampling site, was at least 20,000 m3/yr (Figure 11). 
Reconciling these somewhat divergent observations, and more generally, obtaining better 
estimates of the long-term average bed material delivery rate to MMD would provide a useful 
check on the results presented here.  
 
In the glaciated headwater, the transfer of material from proglacial source areas to downstream 
river systems appears dominated by episodic large pulses with at least multi-decadal return 
intervals. Over the period of record used here, only one such pulse occurred in the Winthrop 
proglacial area, during the 2006 storm, and none occurred in the Emmons (though see Crandall 
and Fahnestock (1964) for an example of a large rockfall pulse in that watershed). Given the 
limited amount of proglacial erosion observed outside of these pulses, we infer that these 
infrequent, large events accomplish much of the long-term transfer of coarse proglacial 
sediment to downstream fluvial settings. The relative importance of extreme events inferred 
here is consistent with other studies of alpine watersheds (i.e. Anderson and Pitlick, 2014; 
Micheletti and Lane, 2016).  
 
In the years between such proglacial pulses, the bed load flux carried by the upper White and 
West Fork White Rivers appears derived primarily from the erosion of sediment stored in the 
valley floor, with little to no input from the immediate proglacial area. At least from 2008 to 2017, 
valley floor erosion and associated bed material flux from the upper-most White River (Rkm 
103) and West Fork White River are reasonably well constrained at about 30,000 ± 11,500 
m3/yr, with the West Fork White River supplying most of that total. However, this average 
reflects disturbed conditions immediately after the 2006 storm, but does not include fluxes 
during the 2006 event itself. It is then unclear how the post-2008 export rate compares to the 
long-term rate.  
 
We find that the Park reach appears to be dynamic but, at least from 2008 to 2017, to be in a 
rough equilibrium, while observations in the Upper Reach from 2011-16 suggest that bank and 
bluff erosion may be a long-term source of sediment through that reach. Beyond these 
observations, our results provide relatively little constraint on typical fluxes or long-term storage 
dynamics through the lower Park and Upper Reaches. This leaves a gap in understanding 
about the dynamics linking sediment delivery and transport in the upper-most watershed to 
coarse sediment delivery to MMD. Given the relatively long transport distances of interest and 
potentially-friable volcanic lithologies, understanding the role of attrition may also be important 
for a complete understanding of watershed-scale coarse sediment dynamics in this system 
(Attal and Lave, 2009; O’Connor et al., 2014). 
 



 

33 
 

5.2 Controls on proglacial sediment delivery 
 
The period of record used here is insufficient to directly observe historic trends in coarse 
sediment export from Emmons and Winthrop proglacial basins, particularly given that large 
events with at least multi-decadal return intervals appear to account for much of that export. 
However, based on the dynamics we observe, the frequency of extreme precipitation events 
seems likely to be the most direct control on proglacial sediment export rates. In contrast, 
changes in the frequency of lower intensity storm events may have limited impacts, since these 
events do not appear to accomplish much geomorphic work in the proglacial area.  
 
The retreat of alpine glaciers often exposes unstable glacial sediments, which, conceptually, 
has the potential increase the sediment supply to for downstream rivers. However, retreat of the 
Emmons Glacier has exposed a low-gradient valley floor that has been acting as a sediment 
sink in recent decades, limiting the transfer of proglacial sediment to the White River. In the 
Winthrop, substantial erosion in 2006 occurred within channels running along the side of the 
glacier, which have been present in their contemporary form since at least the 1930s and so 
unrelated to the last century of glacier change; little to no erosion has occurred elsewhere in the 
basin. In these two watersheds, it does not seem likely that glacier retreat over the past 
decades has, in and of itself, substantially increased coarse sediment delivery to downstream 
river systems. Further, given the importance of stochastic events, such as large rockfalls or 
hydrologic extreme events, on long-term export, it is hard to envision there being a consistent 
downstream coarse sediment response, across space or over time, as a function of decadal-
scale glacier change. These results highlight that, while glacier retreat may increase the 
exposure of mobile sediment, the connectivity of the landscape and thresholds of motion are 
first-order controls on whether that exposed sediment is delivered to downstream river systems 
(Cavalli et al., 2013; Micheletti and Lane, 2016; Lane et al., 2017; Wohl et al., 2019).  
 

5.3 Implications for management of the White River Fan 
Over management-relevant periods of decades, short-term variations in the rate of coarse 
sediment delivery from headwaters on Mount Rainier, climate-driven or otherwise, seem unlikely 
to substantially impact coarse sediment delivery to the Fan Reach. This is most directly 
because, over these timescales, coarse sediment delivery from the upper watershed makes up 
only a modest fraction of the total downstream sediment load. Punctuated delivery from 
proglacial settings may also be strongly modulated by storage dynamics in the upper 
watershed, with material from large proglacial pulses primarily going into storage to be metered 
out relatively slowly (i.e. Figure 4).  
 
Climate-driven increases in flood activity would presumably increase sediment fluxes moving 
down the upper watershed. However, flood hydrology in the lower watershed, where much of 
the coarse sediment  load is sourced, is dictated by releases from MMD. The dam has generally 
truncated major flood peaks, particularly since 2009 (Figure 3). Since transport capacity is a 
non-linear function of discharge, the truncation of these flows has a substantial impact on 
integrated sediment transport. Although climate trends will impact the water inflow to MMD, the 
release strategy from MMD and, to a lesser degree, diversions from the Buckley Diversion, are 
likely to be a larger and more direct control on sediment transport in the lower watershed.    
 
Ultimately, while forecasted climate trends generally seem more likely to increase coarse 
sediment transport in the watershed than decrease it, we believe that the likelihood of 
forecasted climate changes substantial increasing coarse sediment delivery to the lower 
watershed in the coming decades are low. This inferred insensitivity is attributed to the fact that 
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flow regulation, on-going responses to prior major geomorphic disturbances, and the internal 
dynamics of storage transfers are, in combination, likely to overprint and/or shred (Jerolmack 
and Paola, 2010) coarse sediment signals related to short-term climate variability.   
 
More generally, we suggest that management strategies in the lower White River may hinge 
more on a recognition of the geologic history driving deposition than on forecasting potential 
variations in the rate of deposition over time. Although alluvial fans are naturally depositional, 
chronic deposition in the lower White River reflects a geologic process of filling in the 
disequilibrium Stuck River Valley. Though some of this disequilibrium is attributable to early 
20th-century dredging, and so limited to the width of the dredged active channel, the entire valley 
floor remains low relative to likely equilibrium conditions. Bed load transport modeling (Czuba et 
al., 2012a, Figure 52) and comparisons of the pre-avulsion and 2011 profiles (Figure 9) both 
suggest that much of the Fan Reach remains three to eight meters below a quasi-equilibrium 
profile, indicating the scale of fill that would likely occur under natural conditions. Aggradation is 
likely to then be a persistent and valley-wide problem for the foreseeable future.  
 
Regional river restoration efforts have often focused on reducing artificial confinement and 
increasing floodplain connectivity, as a means of both reducing flood hazards and improving 
river complexity and habitat. In the lower White River, it will be important to consider the 
disequilibrium valley context and potential for aggradation when assessing the benefits and life-
span of such approaches. This is particularly the case for channel modifications that have the 
potential to increase the retention of large volumes of sand that the river carries, most of which 
currently passes through the confined lower reaches (Czuba et al., 2012a).  
 

5.4 The roles of storage and disturbance 
Contemporary coarse sediment dynamics in the White River appear strongly conditioned by 
major watershed events over the past 102-104 years. The introduction of bed material into the 
fluvial network appears dominated by infrequent volcanic, glacial, or extreme hydrologic events 
operating over these long timescales; bed material transport accomplished by more typical 
floods appears to primarily involve a redistribution of that emplaced sediment. The broad spatial 
patterns of that redistribution appear dictated by the history of major sediment-emplacing events 
themselves, as well as by episodic changes in downstream local base-level, associated here 
with major avulsions and again operating over 102-104 year timescales. These results highlight 
that, over typical observational and management time-scales, coarse sediment dynamics in 
major rivers may be largely unrelated to contemporaneous sediment delivery from headwaters 
or hillslopes, and instead reflect the progressive filling and emptying of valley-scale sediment 
reservoirs according to disequilibrium conditions imposed by major disturbances. However, 
storage exchanges are by no means limited to these long-term valley-scale transfers – the 
pervasiveness of short-term or local storage gains or losses throughout the White River 
watershed suggest storage dynamics are likely important for understanding bed material 
dynamics across a range of time scales and in nominally equilibrium reaches.  
 
Similar dynamics were identified in the nearby unglaciated Skokomish River, which has also 
experienced chronic aggradation in its lower reaches (Collins et al., 2019). Although 
aggradation in the lower Skokomish has previously been interpreted in the context of short-term 
land-use impacts (Stover and Montgomery, 2001), Collins et al. (2019) identified persistent 
erosion of gravel-rich glacial bluffs, which line much of the South Fork Skokomish valley, as the 
primary source of coarse sediment in the watershed. Recent aggradation was attributed to early 
20th-century dam construction atop a natural lake in the North Fork, which reduced flood 
discharges and shear stress in the lower mainstem without impacting the already-disconnected 
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throughput of coarse sediment down the North Fork. As with the White River, persistent erosion 
of valley floor sediments is identified as the primary short-term source of coarse sediment, while 
the impacts of management are contingent on watershed history and geologic context.    
 
Our inference that short-term climate variability is unlikely to influence coarse sediment 
dynamics in the lower White River differs from recent observations in the nearby Nooksack 
River, where short-term climate variability was identified as a primary driver of bed elevation 
changes at USGS gages down the length of the watershed (Anderson and Konrad, 2019). At 
present, we do not have a good explanation for these divergent results, though we suggest 
differing watershed histories of major lahars, avulsions, and the sedimentologic character of 
glacial and non-glacial valley fills as possibilities. Net erosion of the valley floor was also 
identified as a major source of sediment in the Nooksack over the 2006-13 interval (Anderson et 
al., 2019), suggesting that substantial exchanges of valley floor sediment may be intertwined 
with, or least do not preclude, the downstream-propagation of coarse sediment signals 
originating in the headwaters.  
 
More generally, our results in the White River add to the body of research highlighting storage 
exchanges as central to understanding how sediment is moved through watersheds over 
periods of years to millennia (Graf, 1987; Trimble, 1999; Fryirs and Brierley, 2001; Pizzuto et al., 
2017; Sutfin and Wohl, 2019), and that the trajectories of storage exchange are often related to 
extreme or extra-fluvial events in the watershed history (Church and Slaymaker, 1989; Walters 
and Merritts, 2008; Madej and Osaki, 2009; James, 2010; Milan, 2012; Joyce et al., 2018). We 
re-iterate that understanding major watershed disturbance, both natural and human, and 
persistent storage trends over >102 year timescales may often be central to understanding 
contemporary coarse sediment dynamics, including the potential impacts of management and 
watershed sensitivity to future disturbance (Walters and Merritts, 2008; Fryirs, 2013; Pizzuto et 
al., 2017; Wohl, 2019).  
   

5.5 Spatial scales of channel adjustment 
Many reaches in the White River watershed experienced consistent rates of storage gain or loss 
over stretches of 3 to 20 valley kilometers, manifesting as consistent linear trends in plots of 
downstream cumulative net change. These trends were most apparent in reaches with 
identifiable disequilibrium conditions (West Fork White, lower Canyon, Fan Reaches; Figures 4, 
7), but appear throughout. Under the assumption that essentially all of these volumetric changes 
represent transfers of a uniform caliber of bed material, these trends imply that bed material 
fluxes, integrated over periods of years, often increased or decreased substantially along the 
length of relatively homogenous valley segments. While watershed sediment fluxes are often 
conceptualized as primarily increasing at the nodes of tributary confluences and largely passing 
intervening channel links, results here highlight the potential for flux to vary substantially (here, 
by essentially 100 percent) along the length of channel links.  
 
Reaches of persistent storage gain or loss often exhibit a consistency not only in the direction of 
change, but also in their longitudinal rate of exchange. This manifests in the roughly linear 
trends in plots of cumulative downstream net change (i.e. Figure 5, 8, 11). Similar longitudinally-
consistent rates of storage gain or loss have been observed in other topographic differencing 
studies of high-energy transport systems (Anderson and Pitlick, 2014; Gardner et al., 2015; 
Sholtes et al., 2018; Anderson et al., 2018), suggesting these observations are not unique to the 
White River. Although it is important to recognize that systematic errors in DoDs can create 
similar longitudinal consistency, the often-large magnitudes of measured change and good 
correspondence between measured change and expectations from watershed context or 
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estimated stream power argue against that explanation in these cited studies. These results 
then suggest there may be some limiting factor on exchange rates, or, alternately, that 
disequilibrium reaches tend to organize such that the downstream divergence in flux is relatively 
consistent, even if the flux itself is constantly changing.   
 
Finally, we find that topographic change was typically organized at three distinct scales. The 
smallest scale involves local zones of coherent erosion and deposition, governed by local 
hydraulics. These locally-complex changes tend to aggregate into coherent reaches, typically 
0.5-2.0 kilometers long, in which storage changes tended to sit above or below some central 
tendency. In some reaches, there is a distinct sense of alternation between zones of more 
positive or more negative storage trends, most apparent in the Park Reach (Figure 5). Finally, 
kilometer-scale variability tended to converge towards the longer multi-kilometer trends 
discussed above. These three scales broadly correspond to local, reach and valley scales of 
adjustment that, under a variety of nomenclatures, appear in many discussions of river process 
(i.e. Nicholas et al., 1995; Wohl, 2019). Here, we simply note that all three modes of variability 
appear to be operating simultaneously in many reaches and highlight the utility of repeat 
topographic analysis as a tool able to resolve topographic change at all three scales within a 
single consistent dataset. Understanding how local grain size and hydraulic processes integrate 
to create valley-scale patterns of topographic change, or, inversely, how large-scale controls 
manifest in terms of local processes, will likely be important for successful modeling of bed load 
transport over watershed scales.    
 

6 Conclusion 
 
A watershed-scale assessment of topographic change and sediment fluxes in the White River 
indicates that, over the past century, net erosion of the lower-watershed valley floor, and not 
glaciated terrain in the headwaters, has likely been the primary source of coarse sediment 
deposited in the White River Fan. That erosion is a response to a drop in base level, initially 
triggered by a basin re-organizing avulsion in 1906 and exacerbated by subsequent dredging 
along the new channel alignment. Coarse sediment delivery from proglacial settings appears to 
be dominated by infrequent large pulses triggered by extreme precipitation. These pulses 
blanket down-valley reaches with coarse sediment, with those valley sediment stores then 
acting as a primary source of bed material for downstream river systems in the periods between 
proglacial pulses. The closed budget in the lower watershed, and the lack of persistent gravel 
trapping behind Mud Mountain Dam, imply that the natural rate of coarse sediment delivery from 
the upper watershed is modest, though lingering uncertainties about routing dynamics through 
the Upper Reach and the role of abrasion prevent us from independently confirming that result. 
Based on these observations, we suggest that climate-driven changes in glacier retreat and 
flood hydrology are not likely to substantially alter coarse sediment delivery to the lower 
watershed, and that the geologic disequilibrium of the Stuck River Valley may be the more 
important consideration for effective management. More generally, major watershed events 
have created persistent disequilibrium conditions in the watershed, creating persistent zones of 
storage gain or loss that largely dictate the short-term coarse sediment budget. Prior major 
disturbance and storage exchanges may often be central to understanding coarse sediment 
dynamics over both management and geologic time scales. Finally, we demonstrate the 
growing utility of high-resolution topographic differencing as a tool for understanding sediment 
transport and storage dynamics across a wide range of spatial and temporal scales.    
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8 Supplementary text 
 

8.1 Long-term discharge records 
Combinations of discontinuous but comparable gage records and regressions with nearby 
gages were used to create continuous discharge records representative of conditions at USGS 
12097000, draining a 560 km2 basin in the unregulated upper watershed, and for conditions in 
the Fan Reach at USGS 12100500, draining a 1,235 km2 basin subject to regulation by Mud 
Mountain Dam and the Buckley Diversion. 
 
Direct records for the Upper White at USGS 12097000 cover from 1929 to 1975. This record 
was extended to the present based on regressions of daily discharge with USGS gages on the 
Cowlitz River at Packwood (14226500) and the Carbon River near Fairfax (USGS 12094000), 
which drain major glaciers on the east and north aspects of Mount Rainier, respectively. 
Regressions were split seasonally to cover periods over which discharge is typically dominated 
by rain fall (Oct-Mar), snow melt (Apr-Jun), or glacier melt run-off (Jul-Sept). Regression 
predictions from the Carbon and Cowlitz River gages were averaged to produce final estimates 
of daily discharge at USGS 12097000 from 1975 to 2018. 
 
Records for the Fan Reach were primarily based on three gages operated at various times in 
the reach, including USGS 12100500 (1945-71), USGS 12100496 (1987-2009) and USGS 
12100490 (2010-2018). The period from 1977-1986 was spliced in from records at USGS 
12100000, immediately downstream of the Buckley Diversion, after application of a simple 
scaling multiplier of 1.1, estimated through linear regression during periods of overlap with the 
three downstream gages. No records were available from 1972-76, or prior to 1945.   
      

8.2 Grain size samples 
 
Grain size distributions along the White River were characterized based on bulk sieving of sub-
surface material. The sub-surface was sampled on the basis that is more likely comparable to 
the grain size of the aggregate bed load flux and, by definition, defines that caliber of material 
exchanged as bed material. To the degree possible, sample sites were located near the apex of 
recently-active gravel bars in areas with uniform hydraulics. Two bulk samples, separated by 
several hundred meters of downstream distance, were collected at each site.   
 
Bulk samples were collected by first removing the surface layer to the approximate depth of the 
D90, after which approximately 200 kilograms of sediment was removed from a roughly circular 
area to a depth of 50 cm. Material coarser than eight millimeters in diameter was sieved and 
weighed in the field, while a split of the < 8 mm material was taken and was lab-sieved at 2 and 
0.5 mm breaks.  
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9 Supplementary figures 
 
 
 

 
Supplementary figure 1. Daily mean discharge records since 1990 for the A) upper unregulated 
watershed and B) lower river downstream of both Mud Mountain Dam and the Buckley 
Diversion structure. Figure is an enlargement of data presented in Figure 3A, B to allow better 
comparison over primary period of repeat topographic analyses.   
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Supplementary figure 2.  Grain size distributions of White River sub-surface bed material and 
comparisons with bed load samples. A) Median (D50) and 84th percentile (D84) particle sizes for 
sub-surface bed material samples in the White River. All samples collected summer of 2018. B) 
Cumulative percent finer for bed load material collected by Nelson (1979) near Vkm 48, just 
upstream of the Mud Mountain Dam impoundment pool and co-located with USGS gage 
12097850. C) Cumulative percent finer for bed load material collected by Czuba et al. (2012b) 
at Vkm 10.5 and co-located with USGS gage 12100490 

 



 

48 
 

 
Supplementary figure 3. Location of gages and repeat cross sections in the Mud Mountain Dam 
(MMD) area. A) Topography of MMD (2011 lidar) and location of repeat cross sections used in 
Figure 7B. Orange-colored range lines indicate areas where data was not regularly available 
prior to 1974, and were not included in estimates of valley-floor storage change from 1960-
2011. B) Vertical channel change in the upper extent of the impoundment pool near Vkm 47, 
based on either gage analysis (USGS 12097850) or repeat cross sections. 
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Supplementary figure 4. Short-term relations between Mud Mountain Dam (MMD) operations 
and downstream channel response. A) Pool elevation of MMD (USGS gage 12098000) from 
1973-74 and B) 1995-98. Horizontal dashed line marks 279 meter pool elevation, the 
approximate limit below which coarse sediment is able to exit the reservoir. C) Discharge 
immediately downstream of MMD (USGS 12098500) from 1973-74 and D) 1995-98. E) Change 
in stage-discharge relation at USGS 12098500, two kilometers downstream of MMD, from 1973-
74 and F) 1995-98. G) Changes in discharge-normalized Froude number at USGS 12098500 
from 1973-74 and H) 1995-98. Vertical dashed lines highlight instances where low pool 
elevations and outflow discharges above base flow result in abrupt downstream aggradation 
and channel smoothing (increasing Froude number). Incision and coarsening is associated with 
high outflow discharges and high pool elevations.  
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Supplementary figure 5. Changes in stage discharge relations in the lower Puyallup River 
(USGS 12101500).  

 
 


