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ABSTRACT

The gravel-bedded White River drains a 
1279 km2 basin in Washington State, with 
lowlands sculpted by continental glaciation 
and headwaters on an actively glaciated 
stratovolcano. Chronic aggradation along 
an alluvial fan near the river’s mouth has 
progressively reduced flood conveyance. In 
order to better understand how forecasted 
climate change may influence coarse sedi-
ment delivery and aggradation rates in this 
lowland depositional setting, we assessed the 
contemporary delivery and routing of coarse 
sediment through the watershed; this assess-
ment was based on a rich set of topographic, 
sedimentologic, and hydrologic data from 
the past century, with a focus on repeat high-
resolution topographic surveys from the past 
decade.

We found that most of the lower river’s 
contemporary bed-load flux originates from 
persistent erosion of alluvial deposits in the 
lower watershed. This erosion is a response 
to a drop in local base level caused by a ma-
jor avulsion across the fan in 1906 and then 
augmented by subsequent dredging. The 
1906 avulsion and modern disequilibrium 
valley profiles reflect landscape condition-
ing by continental glaciation and a massive 
mid-Holocene lahar. In the proglacial head-
waters, infrequent large sediment pulses 
have accomplished most of the observed 
coarse sediment export, with exported ma-
terial blanketing downstream valley floors; 
during typical floods, transported bed ma-
terial is largely sourced from erosion of 
these valley floor floods. Throughout the 
watershed, we observe decadal-scale coarse 
sediment dynamics strongly related to the 
filling or emptying of valley-scale sediment 
storage over 102–104 yr time scales, often in 
response to major disturbances that either 

emplace large deposits or influence their re-
distribution. Paraglacial responses in large 
watersheds are suggested to be inherently 
complicated and punctuated as a result of in-
ternal landform interactions and stochastic/
threshold-dependent events. We argue that, 
in combination, Holocene disturbance, stor-
age dynamics, and human flow modification 
make coarse sediment fluxes in the lower 
White River relatively insensitive to decadal 
climate variability. Results highlight the de-
gree to which river sensitivity to contempo-
rary disturbance, climatic or otherwise, may 
be contingent on local and idiosyncratic wa-
tershed histories, underscoring the need to 
unpack those histories while demonstrating 
the utility of watershed-scale high-resolution 
topography toward that end.

INTRODUCTION

Changes in upstream sediment or water 
delivery or downstream changes in base level 
can trigger adjustments in alluvial river sys-
tems that propagate according to the dynamics 
of sediment transport (Schumm and Parker, 
1973; James, 1991; Simpson and Castelltort, 
2012; Pizzuto et al., 2017). An understanding of 
these propagating adjustments is fundamental to 
the interpretation of depositional stratigraphy, 
understanding causes and effects of historic 
geomorphic change, and forecasting channel 
responses to climate change or river engineering 
and restoration projects.

At watershed scales, much of the complex-
ity of sediment dynamics can be linked to the 
intermittent storage and release of sediment 
from zones of transient storage, with rest peri-
ods ranging from years to millennia (Walling, 
1983; Meade, 1988; Fryirs, 2013; Paola, 2016). 
Storage is tightly linked to the propagation or 
obscuring of sediment transport signals, given 
that any imbalance between upstream sediment 
input and downstream export must be accom-
modated by an equivalent storage change. Stor-
age dynamics have been observed to play a large 
role in both the short- and long-term impacts of 

increased sediment delivery; watersheds sub-
jected 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 long after the initial disturbance and 
short-term channel responses subside (Trimble, 
1999; James, 1991, 2010; Madej and Ozaki, 
2009). More generally, storage can effectively 
decouple downstream sediment loads from 
headwater sediment delivery over both man-
agement and geologic time scales (Church and 
Ryder, 1972; Dietrich and Dunne, 1978; Wall-
ing, 1983; Church and Slaymaker, 1989; Trim-
ble, 1997, 1999; Simpson and Castelltort, 2012; 
Pizzuto et al., 2017).

In alpine watersheds, climate change over 
periods of decades to centuries represents one 
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., Stew-
art, 2009) in headwater settings have been well 
documented; whether these changes in headwa-
ter conditions are likely to result in downstream 
channel responses is less clear, and it depends 
both on the sensitivity of headwater sediment 
delivery to these short-term climatic changes 
and the degree to which changes in headwater 
sediment delivery are propagated downstream 
and persist as a significant perturbation to the 
downstream alluvial system (Brunsden and 
Thornes, 1979; Lisle, 2008; James, 2010; Bogen 
et al., 2015; Fryirs, 2017; Lane et al., 2017). In 
the context of potential changes in the form or 
mean elevation of downstream alluvial rivers, 
the delivery and transport of channel-forming 
coarse material are most directly relevant, and 
so was the focus of this study.

In western Washington State, sediment-rich 
rivers draining glaciated stratovolcanoes of 
the Cascade Range traverse the heavily popu-
lated Puget Lowlands before entering Puget †swanderson@usgs.gov.
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Sound (Fig.  1). Understanding the geomor-
phic 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 and environ-
mentally sensitive salmon populations. Cor-
relations between sediment fluxes or channel 
form and regional climate suggest that sedi-
ment and channel processes in the region may 
be responsive to decadal-scale climate vari-
ability (Menounos and Clague, 2008; Czuba 
et al., 2012b; East et al., 2017; Anderson and 

Konrad, 2019). However, the mechanisms and 
regional consistency of these linkages remain 
poorly understood. The Puget Lowlands are 
a low-relief landscape left behind after the 
retreat of the continental glaciers, and the 
paraglacial relaxation of regional rivers (Bal-
lantyne, 2002a) is ongoing (Collins and Mont-
gomery, 2011).

This study focused on the White River, which 
has its headwaters in glaciated terrain on the 
north flank of Mount Rainier (Fig. 1). Manage-
ment concerns in the White River center on sedi-

ment 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 Envi-
ronmental Consultants, 2010).

The motivation for this study was to provide 
guidance on how forecasted changes in regional 
climate may influence coarse sediment delivery 
to the White River fan; since the alluvial fan traps 
essentially all incoming coarse sediment, any 
change in coarse sediment flux, climate-driven 
or otherwise, would be expected to have a direct 

A

B

Figure 1. Overview map of White River watershed. (A) White River watershed and surrounding area. Maximum extents of the Puget Lobe 
and alpine glaciers during the Vashon Stade are delineated. R—River. (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. USGS—U.S. Geological Survey.
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impact on deposition rates. While the motiva-
tion here is specific and applied, the  underlying 
 question of how external signals propagate and 
manifest in depositional settings is a central 
theme in fluvial geomorphology.

Since these questions are inherently related 
to the watershed-scale delivery and routing of 
coarse sediment, we approached this problem 
by attempting to improve our understanding of 
those coarse sediment dynamics in the White 
River. To this end, we made use of a large set 
of repeat high-resolution topographic surveys 
covering the major river valleys and proglacial 
areas, supplemented by hydrologic, older topo-
graphic, and sediment transport data sets. We 
also drew heavily on prior geologic studies of 
the late Quaternary history of the White River; 
the watershed was extensively reworked by con-
tinental and alpine glaciers during the Last Gla-
cial Maximum, and by major lahars from Mount 
Rainier in the millennia since. As our results bear 
out, this history of disturbance and the associ-
ated storage dynamics are central factors in 
understanding the contemporary processes in 
the White River, including its likely sensitivity 
to climate.

SETTING

Locations along the White River are given as 
kilometers upstream from its confluence with the 
Puyallup River, measured along the valley cen-
terline (valley kilometers, or Vkm). The White 
River was broken up into four study reaches with 
similar physiographic characteristics (Figs.  1 
and 2). The West Fork White River, as a key 
sediment-rich tributary, constituted a fifth study 
reach. Locations along the West Fork White 
River are notated as WF-Vkm, starting with WF-
Vkm 70 at the confluence with the White River 
and increasing upstream.

Geology, Hydrology, and Channel 
Morphology of the White River

The White River drains a 1279 km2 basin 
with headwaters on the north flank of Mount 
Rainier (4392 m) in Washington State (Figs. 1 
and 2). Mount Rainier and surrounding head-
waters are located within the federally desig-
nated Mount Rainier National Park. The White 
River emerges from the terminus of Emmons 
Glacier and then flows 105 km before joining 
the Puyallup River and emptying into central 
Puget Sound. Major tributaries to the White 
River include the West Fork White River, which 
emanates from 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 atmo-
spheric rivers (Neiman et  al., 2011; Konrad 
and Dettinger, 2017). Smaller peaks occur in 
the spring in association with snowmelt runoff 
(Fig. S11).

Mount Rainier is a heavily glaciated stratovol-
cano 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 assem-
blage of tertiary intrusive and extrusive volcanic 
rocks. During the Last Glacial Maximum, the 
Puget Lobe of the Cordilleran ice sheet cov-
ered the lower watershed to the limits of the 
contemporary mountain front (Fig.  1; Booth 
et  al., 2003). The subsequent retreat between 
16 and 15 k.y. B.P. left behind a landscape of 
low-gradient glacial, glacio-fluvial, and glacio-
lacustrine deposits and deep glacial troughs, the 
latter of which became the inland waterways of 
Puget Sound. Concurrent alpine glaciation dur-
ing the Fraser Stade extended down the White 
River valley to Vkm 75 and down the West Fork 
White River to WF-Vkm 75 (Fig. 1), and alpine 
glaciers likely formed a full ice cap over much of 
the upper watershed in prior stades (Crandell and 
Miller, 1974). However, glacial valley fills have 
largely been covered by volcaniclastic material 
in the upper White River and West Fork White 
River valleys, most notably from the 5600-yr-old 
Osceola Mudflow (Crandell, 1971; Crandell and 
Miller, 1974).

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 ∼30–50 mm (Fig. S2; 
see supplementary text [footnote 1] for data col-
lection methods). As a result of the combined 
effects of glacial and postglacial processes, the 
White River flows through a regionally consis-
tent sequence of distinct reaches (Collins and 
Montgomery, 2011) that include mountain val-
ley headwaters (park and upper reaches), a short, 
steep bedrock canyon (the divide between the 
upper and canyon reaches), a postglacial valley, 
in which rivers have incised through continental 
glacial deposits (canyon reach), and a low-gra-
dient glacial valley, where glacial troughs have 
been progressively filled by postglacial deposi-
tion (fan reach).

Osceola Mudflow

The White, Puyallup, and the north-neigh-
boring Duwamish River systems (Fig. 1) were 
substantially modified by the Osceola Mud-
flow, a 5600-yr-old, 3.8 km3 lahar originating 
on the northeast flank of Mount Rainier (Cran-
dell, 1971; Mullineaux, 1974; Dragovich 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 (Fig. 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–trend-
ing embayment that now forms the modern 
Duwamish and Stuck River valleys. The can-
yon reach of the White River was formed as 
the river incised through that glacial drift, while 
sediment deposited in the downstream north-
south–trending embayment formed the White 
River fan. Most of the substantial sediment load 
that transited the White River fan was routed 
to the north, filling the Duwamish embayment 
to create the modern Duwamish River valley 
(Fig. 1B; Dragovich et al., 1994).

1906 Avulsion and Historic Channel and 
Flow Modifications

The White River watershed changed sub-
stantially again over the twentieth century, due 
to both natural and human influences. During 
European settlement of the area in the nineteenth 
century, the White River turned north where it 
exited the canyon reach, exiting into Puget 
Sound near Seattle (Fig. 1). The valley linking 
the 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, the White River breached a low 
divide separating the White and Stuck Rivers, 
resulting in an avulsion of the White River into 
the Stuck River valley and down to the Puyallup 
River (Fig. 1B). This disruptive event motivated 
a substantial multicounty management response 
to deal with the new course of the White River 
and the enlarged Puyallup River; major man-
agement activities over the following decades 
included the permanent closure of the pre-avul-
sion river path by a concrete structure near Vkm 
11, straightening of the lower Puyallup River, 
and dredging of the new alignment of the lower 
White River. Construction of bank protection 

1Supplemental Material. Description of 
ancillary data collection methods and supporting 
figures. Please visit https://doi .org/10.1130/
GSAB.S.12616562 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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structures and levees and clearing of woody 
debris occurred throughout both the White and 
lower Puyallup Rivers.

Following damaging floods in the 1920s and 
1930s, Mud Mountain Dam was constructed in 
a narrow bedrock canyon near Vkm 40. The dam 
was used to desynchronize and so reduce flood 
peaks on the Puyallup River while also provid-
ing direct flood protection on the White River. 

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 eleva-
tions near the predam river bed, allowing most of 
the accumulated silt and sand, and some fraction 
of the gravel, to continue moving downstream 
(Dunne, 1986). Starting in 2009, aggradation 
and loss of flood conveyance in the fan reach 

caused the U.S. Army Corps of Engineers to 
reduce maximum outflows from the dam to 200 
m3/s, down from the pre-2009 limit of 340 m3/s 
(Fig. 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 

A

B

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 light detection and ranging (LiDAR) data, along with reach divisions and loca-
tions of gages, major tributary confluences, and dams. USGS—U.S. Geological Survey; NP—National Park; NAVD88—North American 
Vertical Datum of 1988. (B) Longitudinal extent and collection year for topographic surveys.
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with 2-m-high wooden flashboards that pur-
posely fail during floods, reducing the diversion 
of water and sediment and allowing some of the 
sediment accumulated upstream to pass (Coo-
per, 1983). Prior to 2005, the structure typically 
diverted ∼60% of the total annual discharge, 
presumably carrying relatively large volumes of 
silt and sand plus an unknown fraction of the 
river’s bed load; since 2005, water diversions, 
and so presumably sediment diversion, have 
been reduced to negligible levels (Fig. 3B).

Prior Studies of Downstream Aggradation, 
Sediment Sourcing, and Transport Rates

Deposition of sand and gravel in the fan reach 
has been a chronic and well-documented issue 
(Dunne, 1986; Prych, 1988; Sikonia, 1990; Her-
rera Environmental Consultants, 2010; Czuba 
et al., 2010, 2012a), and multiple lines of evi-
dence indicate that the White River fan traps 

essentially all delivered bed load (Czuba et al., 
2012a). Regular dredging had historically been 
used to maintain flood conveyance through this 
reach, but this practice ceased in the 1980s. Since 
the late 1980s, the lower river has aggraded 
about 2 m, averaging ∼0.05 m/yr (Herrera Envi-
ronmental Consultants, 2010). Long-term gage 
records suggest an overall net aggradation of 
about 3 m in this reach since 1945 (Fig. 3C).

Concerns about aggradation in the fan reach 
have motivated watershed-scale assessments of 
the 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 con-
text of the Osceola Mudflow to argue that most 
of the gravel load in the lower river was likely 
a result of 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-load and bed-load material to 
the lower reaches of the White and Puyallup 
River systems.

Previous studies have estimated sediment 
fluxes in White River based on direct measure-
ments of either suspended-load or bed-load flux 
and the development of discharge-flux or turbid-
ity-concentration rating curves. Over water years 
2011–2018, estimated suspended sediment loads 
in the upper watershed (immediately upstream 
of Mud Mountain Dam; Nelson, 1979) were 
630,000 ± 100,000 tonnes/yr, while suspended 
sediment loads in the lower watershed (at the 
upstream extent of the fan reach; Czuba et al., 
2012a) averaged 560,000 ± 160,000 tonnes/
yr (here and throughout, uncertainty bounds 
around rating-curve–derived fluxes represent 
95% confidence intervals, estimated based on 
regression uncertainty using methods presented 

A

B

C

Figure 3. Long-term discharge records and lower-river aggradation trends. (A) Daily mean discharge records for the unregulated upper 
river at U.S. Geological Survey (USGS) gage 12097000. (B) Daily mean discharge records for the lower river at USGS gage 12100500, in the 
regulated fan reach. Methods used to extend available gage records to the long-term records shown here are described in the Supplemental 
Material (see text footnote 1). MMD—Mud Mountain Dam. (C) Aggradation trends in the fan reach, based on changing stage-discharge 
relations at USGS gages and repeat cross sections collocated with gage sites; Vkm—valley kilometer (Prych, 1988; Czuba et al., 2010).
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in Gilroy et al. [1990]). The suspended load at 
both sites was composed of 60% sand and 40% 
silt and clay. Though there is substantial uncer-
tainty when comparing rating curves developed 
in different eras (Warrick, 2015), the general 
similarity in the magnitude and grain size of 
these estimates supports the notion that most 
of the lower-river suspended silt, sand, and clay 
originates from the watershed upstream of Mud 
Mountain Dam, and that Mud Mountain Dam 
does not persistently trap much of the suspended 
sediment load. This latter point is independently 
corroborated by the lack of measured sediment 
accumulation behind Mud Mountain Dam 
(Dunne, 1986).

Estimated annual bed-load flux in the upper 
fan reach was 26,000 ± 11,000 tonnes/yr 
from 2011 to 2018, equivalent to a volume of 
16,000 ± 6500 m3/yr (here and throughout, rela-
tions between mass and volume for bed load 
and bed material were based on a bulk density 
of 1.6 tonnes/m3), composed of 50% sand and 
50% gravel (Czuba et al., 2012a). A measure-
ment-based bed-load rating curve developed 
above Mud Mountain Dam nominally produces 
a similar estimate of the mean annual bed-
load flux (Nelson, 1979). However, the 1970s 
upper-watershed measurements were primar-
ily composed of sand, which typically moves 
in suspension (Fig. S2). A reanalysis of these 
measurements, truncated to only include mate-
rial coarser than 0.5 mm, indicates a 2011–2018 
mean annual bed material flux of 7500 ± 1500 
m3/yr. Given the age and questionable accuracy 
of these upper-watershed bed-load measure-
ments, however, true uncertainty is likely larger 
than regression strength alone would indicate.

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 pre-
cipitation has shown no long-term trend (Mauger 
et al., 2015). Decadal variability in conditions in 
the North Pacific Ocean, characterized in indi-
ces such as the Pacific Decadal Oscillation or the 
North Pacific Index, drives similar decadal vari-
ability 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-nineteenth century, 
though rapid retreat from 1920 to 1945 and from 
1980 to the present was separated by a period 
of re-advance from 1950 to 1980 (Nylen, 2004); 
similar trends are seen throughout the region 
(i.e., Dick, 2013). Peak seasonal snowpack accu-
mulations have shown multidecadal variability 

with a weak overall negative trend since 1930 
(Stoelinga et al., 2010). Secular trends in annual 
maximum precipitation and river discharge in 
rainfall-dominated flood systems, such as the 
White River, tend to be positive in the region, 
though trends are typically small in compari-
son to variability (Fig. 3A; see supplementary 
text for methods used to compile long-term 
hydrologic records; Mass et al., 2011; Mastin 
et al., 2016).

Over the next 50–100 yr, regional climate 
models project with good confidence continued 
increases in temperature, loss of glacier area, and 
increased probabilities of precipitation falling 
as rain (Hamlet et al., 2013; Frans, 2015). The 
magnitudes of the largest rain and flood events 
are forecasted to increase, though uncertainty in 
these forecasts is large (Salathé et al., 2014; Toh-
ver et al., 2014; Warner et al., 2015). Total pre-
cipitation is not forecasted to change markedly.

Study Approach

The goal of this study was to better understand 
the controls on coarse sediment delivery to the 
White River fan over multi-decadal timescales. 
We approached this problem using historic 
observational information about geomorphic 
change and sediment fluxes over the past cen-
tury, with a focus on the data-rich last several 
decades, to better understand contemporary 
coarse sediment sources, sinks, and connectiv-
ity at the watershed scale. Results were inter-
preted against the backdrop of the White River’s 
known history of glacial, volcanic, and human 
disturbance.

This study was particularly motivated by 
questions of whether forecasted changes in cli-
mate are likely to increase coarse sediment deliv-
ery to the lower river; we specifically considered 
two potential pathways of impact. 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 such a signal is both generated and 
propagated through the watershed, sediment 
delivery to the fan reach for a given flood magni-
tude may increase. Second, increasing frequen-
cies or magnitudes of floods may increase sedi-
ment fluxes throughout the watershed, regardless 
of whether sediment concentrations change dur-
ing a given flood.

The primary tool used in this study was the 
differencing of high-resolution topographic sur-
veys; each of the major study reaches has topo-
graphic coverage in three digital elevation models 
(DEMs), providing two periods of topographic 
change. These analyses were supplemented by 
analyses of repeat cross section surveys through 
the Mud Mountain Dam impoundment area, 

geomorphic analysis of stream gage data, direct 
measurements of sediment flux, and a unique 
set of detailed surveys of the lower White River 
from 1907. We focused on the delivery and trans-
port of bed material. We use “bed material” and 
“coarse sediment” interchangeably throughout 
this article. Results are presented in a sequence of 
vignettes, one for each of the major study reaches 
plus one for Mud Mountain Dam, presented in 
upstream to downstream order. These reach-scale 
results were then used to provide an integrated 
view of contemporary coarse sediment dynamics 
in the White River.

METHODS

High-Resolution Topographic Differencing

Differencing of high-resolution topographic 
surveys was used to assess changes in sediment 
storage and sediment transfer along the length 
of the White River valley floor and in proglacial 
basins. In total, 11 high-resolution (0.5–2 m) ras-
terized DEMs were used in this study and dif-
ferenced to create DEMs of difference (DoDs; 
Fig. 2; Table 1). Six of these DEMs were derived 
from aerial light detection and ranging (LiDAR) 
data publicly available through the Puget Sound 
Lidar Consortium (Table  1). The remaining 
five DEMs were derived using Structure-from-
Motion (SfM) photogrammetry acquired 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 km of the White and West 
Fork White Rivers, followed methods described 
in Anderson et al. (2017). Ground control for 
preexisting imagery, which included 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. More details about 
the SfM products are available in Anderson and 
Jaeger (2019).

In two instances, DEMs from different years 
were combined to provide complete spatial cov-
erage in a reach. In the fan reach, data from a 
2002 LiDAR survey were used to fill a 2 km 
gap in the 2004 data (Fig. 2). In the West Fork 
White River, LiDAR data from 2008 and 2011 
were used in combination to provide a spatially 
continuous baseline against which to compare 
2017 topography.

Various coregistration methods were used to 
reduce highly correlated or systematic errors, 
which tended to dominate the total error bud-
get (Anderson, 2019). Outside of the proglacial 
basins, measured change along road surfaces 
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(fan, canyon, and upper reaches) or stable, bare-
gravel surfaces (park, west fork reaches) was 
used to estimate and correct 0.05–0.50 m vertical 
registration offsets between data sets. The verti-
cal correction was allowed to vary continuously 
along the length of the valleys. In the proglacial 
basins, both vertical and horizontal offsets were 
corrected based on systematic relations among 
slope, aspect, and measured change on stable, 
unvegetated hillslopes (Nuth and Kääb, 2011). 
Nonlinear “doming” errors in proglacial SfM 
data sets (James and Robson, 2014) were further 
reduced by interpolating and subtracting a con-
tinuously 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 dif-
ferent LiDAR surveys resulted in measured volu-
metric change as a result of the different volumes 
of water held in the channel, creating an effec-
tive systematic error if results were interpreted 
in terms of sediment storage alone. To isolate 
volumetric change related to sediment storage, 
we used cross-sectional hydraulic relations to 
effectively “raise” the water surface in the lower-
discharge survey to the level we would expect if 
the discharge had been higher. This involved two 
steps: (1) Channel width and local water surface 
slope were extracted at a cross section from the 
lower-flow LiDAR survey, and Manning’s equa-
tion was iteratively applied to estimate the thal-

weg depth for a simple triangular cross section 
that passed the known discharge. (2) That cross 
section was then extended using bank geometry 
extracted from the LiDAR data, and Manning’s 
equation was 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 primarily resulted in dif-
ferent estimates of thalweg depth, but they only 
weakly influenced estimates of modeled changes 
in water surface elevation.

This process was repeated at 100–200 m inter-
vals and used to interpolate a continuous raster-
ized 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 park and West Fork White River 
reaches represented a negligible fraction of total 
geomorphic change.

After correcting surveys to a common effec-
tive discharge, and assuming there were no sub-
stantial 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, including 

storage changes occurring in areas that were 
submerged in one or both surveys. Estimates 
of volumetric change using these discharge-
corrected DEMs were then considered to be 
relatively complete estimates of storage change 
across the entire active channel.

Longitudinal patterns of gross erosion, deposi-
tion, and net change were quantified using regular 
valley-spanning polygons covering 250 m (park 
and West Fork reaches) or 500 m (fan, canyon, 
and upper reaches) swaths of the valley floor, 
measured along the valley centerline. To reduce 
the influence of residual systematic errors, the 
area of analysis was truncated to exclude broad 
areas of the valley floor where both measured 
change and geomorphic position suggested no 
true change had occurred. Estimates of gross 
erosion and deposition are based on thresholded 
DoDs (i.e. Wheaton et al., 2010), while estimates 
of net change were based on unthresholded DoDs 
(Anderson, 2019). A threshold value of 0.25 m 
was selected as typical of 2σ ranges for random 
errors across the various data sets.

Spatial patterns in sediment storage were visu-
alized as the cumulative sum of net change, start-
ing 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 appeared as upward-trending lines. The 
slope of the line provided a measure of the rate 

TABLE 1. DATA SETS USED IN STUDY

Date or date range Spatial extent Repository Note

Lidar DEMs*—All PSLC data available at: https://pugetsoundlidar.ess.washington.edu/
2002 Vkm 11.1–13.4 PSLC
2004 Vkm 4.8–11.1, 13.4–41.2 PSLC 2004 bare-earth DEM derived from classified point cloud data on repository
2007 Vkm 54.2–96.2 PSLC
2008 Vkm 86.1–110.0; WF-Vkm 87.0–105.0 PSLC
2011 Vkm 0.0–89.0; WF-Vkm 70.0–87.5 PSLC 2011 bare-earth DEM derived from classified point cloud data on repository
2016 Vkm 4.8–21.8; 23.0–32.9; 51.2–67.5 PSLC Coverage includes overflight data acquired directly from vendor for this study

Structure-from-Motion DEMs—For data in ScienceBase repository, see Anderson and Jaeger (2019; https://doi .org/10.5066/P9HT46KB)
1979 WF-Vkm 93.0–105.0 ScienceBase Original imagery from Nolan et al. (2017).
2005 Vkm 105.5–110.0 ScienceBase Original imagery scanned from negatives provided by National Park Service.
2015 Vkm 85.0–110.0 ScienceBase
2017 Vkm 85.0–110.0; WF-Vkm 70.0–103.0 ScienceBase

Aerial imagery
1940 Vkm 0.0–40.0 UW-RHP http://riverhistory.ess.washington.edu/
2009 Entire watershed NAIP

Historic channel maps
1907 Vkm 0.0–16.0 ScienceBase

USGS Stream gauge data
Various Various NWIS Includes all discharge records, MMD pool elevations,  

and streamflow measurement data.

Mud Mountain Dam cross sections
1951–2011 Vkm 40.5–47.8 U.S. Army Corps of 

Engineers
Contact Zac Corum (Zachary.P.Corum@usace.army.mil) for data.

Bed material grain-size distributions
2018 Vkm 11.0–89.0 ScienceBase

Bed-load samples
1974–1976 Vkm 46.8 NWIS; Nelson (1979)
2010–2011 Vkm 10.5 NWIS; Czuba et al. (2012a)

Note: LiDAR—light detection and ranging; DEM—digital elevation model; MMD—Mud Mountain Dam; NAIP—National Agriculture Inventory Program; NWIS—National 
Water Information System; NPS—National Park Service; PSLC—Puget Sound LiDAR consortium; UW-RHP—University of Washington River History Project; Vkm—valley 
kilometer; WF-Vkm—West Fork White River valley kilometer; USGS—U.S. Geological Survey.

*Year for LiDAR is given as year in which majority of data were collected if collection spanned multiple calendar years.

https://pugetsoundlidar.ess.washington.edu/
https://doi.org/10.5066/P9HT46KB
http://riverhistory.ess.washington.edu/
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of storage change (m3/km), and the vertical dif-
ference between any two points on the line indi-
cates the net change over the intervening reach.

Estimating Uncertainty in Topographic 
Change

Uncertainties in reach-scale net change were 
estimated by comparing, for a given reach, the 
sum of results from the two sub-intervals (i.e 
(DEM3–DEM2) + (DEM2–DEM1) against direct 
differencing of the first and last DEMs (i.e. 
DEM3–DEM1); note that this more a measure of 
coregistration consistency than absolute accuracy. 
Coregistration and delineation of the geomorphi-
cally active areas were done independently for 
each of the three possible analysis intervals 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, interpreted as 
the 95% confidence interval (CI), 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. Uncertainty in the proglacial areas was 
modeled as a spatially correlated error, with a 
95% CI range of ±0.4 m and a correlation range 
of 300 m, and propagated according to methods 
presented in Rolstad et al. (2009).

Relating Channel Change and Bed 
Material Flux

Mass balancing implies that changes in chan-
nel storage are inversely related to changes in 
bed material fluxes, and this is quantitatively 
described here using a simplified one-dimen-
sional expression of the continuity equation,

 ∆V Q QS in S out= −, , ,

where ΔV 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 mate-
rial can be quantified at any point within a DoD, 
either through direct measurement or by identi-
fying 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).

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 

postavulsion channels of the White River. These 
surveys included regular channel cross sections, 
water surface elevations, and high-water marks 
from the 1906 flood. These surveys captured 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 (off-channel) 
valley floor was used to reduce the 1907 eleva-
tions to modern North American Vertical Datum 
of 1988 (NAVD88) elevations, and this was 
independently corroborated by comparisons 
with stage-discharge changes in the lower Puyal-
lup River. Channel position and elevations of the 
low-flow water surface and thalweg were digi-
tized and compared against 2011 LiDAR water 
surface elevations to assess profile changes over 
the past century.

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 com-
plete record of comparable cross sections was 
only available from 1960 to 2011, and it only 
covered over the lower half of the impoundment 
area (Fig. S3; see footnote 1).

Surveys collected from 1960 to 1993 all refer-
enced the same concrete benchmarks set at cross-
section ends, and so they share a common verti-
cal 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 naviga-
tion satellite system (GNSS) occupations. After 
first converting 1993 data to NAVD88 eleva-
tions and subsetting 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 accumu-
lation), a persistent offset of 0.8 m was identified 
between the 1993 elevations and 2011 LiDAR 
elevation. This offset is presumed to have arisen 
from imperfect establishment of absolute eleva-
tions 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 proper alignment with NAVD88 
elevations.

To isolate changes in coarse sediment storage 
from the fine sediment that tends to 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 extents. Volumetric 
change over the lower half of the impoundment 
pool valley floor was then calculated by multi-
plying the length between sequential cross sec-
tions by the average area-change in those bound-
ing cross sections (end-area averaging).

Geomorphic Analysis of Stream Gage 
Records

Streamflow measurements made in support 
of stream gauging provide long-term records 
of channel adjustments with monthly resolu-
tion (James, 1991; Slater et al., 2015; Anderson 
and Konrad, 2019; Pfeiffer et al., 2019). Chang-
ing channel conditions were assessed based on 
changes in stage-discharge relations and the 
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-dis-
charge relations were interpreted primarily as 
a measure of changing channel elevation at the 
hydraulic control for the gage site (Anderson and 
Konrad, 2019). Changes in Froude number were 
interpreted as a measure of changing channel 
roughness, with lower Froude numbers implying 
a relatively rougher, more armored bed state, and 
higher Froude numbers implying smoother bed 
conditions with more abundant mobile material 
(i.e., Ritchie et al., 2018).

Changes in stage discharge and Froude num-
ber were both assessed by defining their aver-
age relation with discharge, fit using a LOESS 
curve (Cleveland and Devlin, 1988), and then 
assessing stage or Froude residuals relative to 
that relation over time (James, 1991; Slater 
et al., 2015). This analysis was limited to mea-
surements made below the 75th percentile daily 
mean flow, and so it excluded high-flow mea-
surements, which 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 roughly 
the mean annual flow at all relevant gages, so 
that corrected Froude numbers retained a physi-
cally meaningful range from zero to one.

RESULTS

Winthrop Proglacial Zone and West Fork 
White River

Since 1979, geomorphic activity in the Win-
throp proglacial area has been dominated by 
extensive erosion during a massive storm that 
occurred in 2006 (Fig. 4; for details of the 2006 
storm, see Legg et al., 2014). Erosion  primarily 
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Figure 4. Topographic change in the Winthrop proglacial area and downstream West Fork White River (WFWR). (A–B) Digital elevation 
model (DEM) of difference showing elevation change in the Winthrop proglacial area and uppermost extents of the West Fork White River 
from 1979 to 2008 (A) and from 2008 to 2017 (B). Star at WFW-Vkm 97 in B indicates start of fluvially dominated geomorphic change pre-
sented in part 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 scale 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 2008/2011–2017. Gray dashed lines indicate limits of detection (95% confidence intervals). (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). Vkm—valley kilometer.
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occurred within a set of gully-like channels 
running along the western margin of the gla-
cier (Fig. 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 
volume does not include areas where erosion of 
sediment was conflated with removal of vegeta-
tion or ice, and so it is considered to be a mini-
mum estimate of total sediment erosion.

Sediment entrained in the 2006 storm 
began to drop out near WF-Vkm 96, just 
upstream of a narrow bedrock 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 that substantial 
valleywide deposition continued for several 
kilometers beyond this point.

Since 2008, geomorphic activity in the 
Winthrop proglacial area predominately 
involved the slumping of eroded gully walls, 
with material accumulating at the toe of these 
slopes, accompanied by minor reworking of 
sediment on the valley floor (Fig. 4B). Net 
change in the Winthrop proglacial area from 
2008 to 2017 was indistinguishable from zero 
within uncertainty (Table 2).

Downstream of the Winthrop proglacial area, 
the West Fork White River was predominately 
erosional over the 2008/2011–2017 period of 
record (Figs. 4C–4E). Erosion from WF-Vkm 
96 to 94 was balanced by deposition between 
WF-Vkm 93.5 and 91, representing a transfer 
of material deposited in the 2006 storm from 
upstream of the bedrock canyon to the valley 
floor below. Erosion resumed near WF-Vkm 90 
and continued over the next 20 km to the conflu-
ence with the main-stem White River. Despite 
locally-complex patterns of storage change, the 
rate of erosion (m3/km) was relatively consistent 
when averaged over reaches of several kilome-
ters or more. This is manifest in the roughly lin-
ear trend in downstream cumulative net change.

Given the absence of measurable net ero-
sion upstream of WF-Vkm 90 over the 
2008–2017 period, net erosion downstream 
of WF-Vkm 90 appears to have been 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/
yr (Table 3; the 2011–2017 interval was used 
to calculate this average, since nearly all the 
relevant erosion occurred within the extents of 
2011–2017 differencing).

Emmons Proglacial Zone and White River, 
Park Reach

In contrast to the substantial erosion observed 
in the Winthrop proglacial area, the 2006 storm 
caused relatively modest geomorphic change 
in the Emmons proglacial area, and the change 
that did occur was predominately deposi-
tional (Fig.  5A). The most extensive deposi-
tion occurred in a downstream-tapering wedge 
immediately below the Emmons terminus, with 
a total volume of 75,000 ± 15,000 m3. Based on 
the lack of any upstream source area and the 
alignment with the glacier outlet stream, we 
believe that this material represents the deposi-
tion of subglacially scoured sediment carried by 
outburst floods of englacially stored water; such 
outburst floods are well documented in glaciers 
on Mount Rainier and other regional stratovolca-
noes (Driedger and Fountain, 1989; Walder and 
Driedger, 1994; Slaughter et al., 2004).

From 2008 to 2017, the Emmons proglacial 
valley floor experienced minor fluvial reworking 
along the primary glacier outlet stream, erosion 
and subsequent deposition of material along the 
glacier-left margin, and the deposition of a small 
lobe of material along the right margin of the 
valley (Fig. 5B). Geomorphic changes in these 
latter two cases were volumetrically minor and 
do not appear to have delivered material to the 
primary outlet stream. All told, the low-gradient 
forefield of the Emmons Glacier appears to have 
primarily acted as a sink for sediment over the 
period of record here, with relatively little coarse 
material exiting the proglacial zone.

After crossing the Emmons proglacial valley 
floor, the White River cascades down a steep 
and boulder-studded channel cut through a 
nineteenth-century terminal moraine and mate-
rial from a major 1963 rockfall (Crandell and 
Fahnestock, 1965). At Vkm 105.4, where the 
river exits back onto a broad gravel braid plain, 
the valley floor remained unchanged over the 
2008–2017 period (Figs. 5B–5F); we take this to 

be consistent with relatively little coarse material 
exiting the upstream proglacial valley over this 
period. Fluvial activity in the lower braid plain 
initiated near Vkm 105, where the river undercut 
a bluff of glacial material on river left; once ini-
tiated, geomorphic activity continued down the 
length of the DoD. Net change was consistently 
erosional from Vkm 105 to 103; as in the Win-
throp, given the lack of detectable net erosion 
upstream of Vkm 105, erosion of the valley floor 
downstream of that point appears to have been 
the dominant source of bed material exported 
past Vkm 103. That erosion, 30,000 ± 10,000 
m3, equates to an annual bed material flux of 
3000 ± 1000 m3/yr passing Vkm 103. Down-
stream of Vkm 103, net deposition from 2008 
to 2015 (104,000 ± 79,000 m3) was largely off-
set by net erosion (−82,000 ± 77,000 m3) from 
2015 to 2017, with no detectable net change in 
storage over the full 2008–2017 period (Table 3; 
Figs. 5D and 5F).

From 2008 to 2015, net deposition down-
stream of Vkm 103 exceeded net erosion 
upstream, implying that the river received bed 
material from a source not captured in our DoDs 
(Fig. 5D). Given uncertainty, the volume of this 
“excess” deposition is not well constrained; 
regardless, several sediment-rich tributaries or 
subglacial erosion both provide plausible expla-
nations for the imbalance.

Upper Reach

The upper reach of the White River was 
nominally net depositional from 2007 to 2011, 
although the total change did not exceed uncer-
tainty (Fig. 6; Table 3). However, locally signifi-
cant net deposition or erosion was common over 
1–2 km reaches (Figs. 6C and 6D).

Observations from 2011 to 2016 are limited 
to the lower half of the upper 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; Figs. 6E, 6F, and 6H). The erosion from 
banks taller than 2 m accounted for ∼100,000 
m3, or ∼30%, of the total net erosion. This ero-
sion delivered material with an unknown, and 
potentially fines-dominated, grain size. Consid-
ering only erosion of the valley floor and lower 

TABLE 2. VOLUMETRIC CHANGE IN PROGRLACIAL AREAS

Basin Start year End year Volumetric change (m3)

Gross deposition Gross erosion Net change*

Winthrop 1979 2008 35,000 ± 13,000 2,440,000 ± 53,000† –2,400,000 ± 57,000†

Winthrop 2008 2017 160,000 ± 30,000 180,000 ± 30,000 –20,000 ± 50,000
Emmons 2005 2008 110,000 ± 25,000 55,000 ± 15,000 60,000 ± 35,000
Emmons 2008 2017 4000 ± 6000 10,000 ± 9000 –6000 ± 19,000
Emmons, not connected to outlet 2008 2017 29,000 ± 10,000 0 ± 2000 30,000 ± 15,000

*Net change is based on unthresholded digital elevation model of difference (DoD) and may not exactly equal gross deposition minus gross erosion.
†Minimum estimate; does not include erosion of sediment in areas with glacier ice or vegetation in 1979.
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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–
2016 interval.

Sediment Trapping in Mud Mountain Dam

Sediment from the upper reach is passed 
into the impoundment area of Mud Mountain 
Dam; although Mud Mountain Dam temporar-
ily traps this sediment when holding a pool, 
much of that sediment is subsequently flushed 
through low-elevation outlets between floods. 
The lack of substantial net sediment accumu-
lation in the impoundment area over the past 
80 yr indicates that this flushing is able to pass 
most of the accumulated suspended silt, sand, 
and clay (Dunne, 1986). However, there has 
been no prior analysis focused on the potential 
trapping of bed material. Here, we documented 
systematic relations between dam operations 
and channel conditions, both upstream and 
downstream of the dam, which suggested that 
dam operation strategies from 1960 to 1985 
tended to promote the trapping of gravel, while 
changes in those operations since 1985 have 
allowed a more complete throughput of coarse 
material; downstream fluxes since 1985 may 
further have been augmented by erosion of 
previously trapped sediment (Fig. 7).

The passage of bed material primarily occurs 
when pool elevations fall below ∼279 m, access-
ing a lower run-of-the-river outlet. From 1960 
through 1985, the Mud Mountain Dam pool was 
typically held above this elevation most of the 
year (Fig. 7A), creating a small backwater that 
trapped much of the incoming sand and all of the 
gravel. The accumulated sediment would then 
be flushed downstream during planned draw-
down periods of several days, typically during 
low or moderate flows in the summer. Over this 
1960–1985 period, valley-floor sediment storage 
upstream of the dam was generally increasing, 
while the channel downstream of the dam expe-
rienced trends of incision and decreasing or low 
Froude number, indicating a coarse or armored 
bed (Figs. 7B–7D). Periods of sediment flushing 
corresponded to spikes of downstream aggrada-
tion, as noted by Dunne (1986), and increased 
Froude numbers, but these were generally short-
lived and the channel tended to return quickly 
to prior elevations and roughness (Fig. S4; see 
footnote 1). 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 they were neither long enough nor 
associated with enough shear stress to fully 
pass accumulated gravel. Gravel storage in the 

impoundment was then generally increasing, 
while the coarse sediment–starved channel 
downstream experienced an overall trend of inci-
sion and coarsening.

Starting around 1985, the number of days per 
year in which Mud Mountain Dam was held 
below 279 m increased markedly (Fig.  7A). 
This change in operations corresponds to a 
switch to decreasing sediment storage upstream 
of the dam and aggradation and increas-
ing Froude numbers downstream of the dam 
(Figs. 7B–7D). 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 reestablished a relatively effi-
cient throughput of coarse material. Further, 
observed negative storage trends through the 
dam impoundment area since the mid-1980s 
(Fig. 7B; Fig. S3B) indicate that the impound-
ment reach has been a net source of sediment, 
such that bed material fluxes passing Mud 
Mountain Dam 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 
(Fig. 7C). Given that the confined reach around 
the gage is unlikely to be a long-term site of sedi-
ment storage (Fig. S3A), fluctuations since 2007 
are interpreted as the transient oscillations of a 
reach where the delivery of water and sediment 
has been desynchronized by Mud Mountain 
Dam operations.

Canyon and Fan Reaches

The canyon reach, linking Mud Mountain Dam 
to the aggrading fan reach, was net erosional over 
both the 2004–2011 and 2011–2016 time peri-
ods (Fig. 8). Erosion from 2004 to 2011 occurred 
in three distinct reaches; the first, upstream of 
Vkm 36, represents the remobilization of gravel 
delivered from Mud Mountain Dam, as indepen-
dently observed in the gage analysis (Fig. 7C). 
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 Environ-
mental Consultants, 2010, p. 10). 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 geo-
morphic activity from Vkm 33 (the upstream 
extent of the DoD) to Vkm 22. The river was 
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A

B

C D

E

G

F

Figure 5. Topographic change in the Emmons proglacial area and park reach of the White River. (A–) Digital elevation model (DEM) of 
difference showing elevation change in the Emmons proglacial area and uppermost park reach of the White River from 2005 to 2008 (A) 
and from 2008 to 2017 (B). Shaded areas indicate extent of the Emmons Glacier. Inset highlights onset of geomorphic change downstream of 
the nineteenth-century moraine. (C) Gross deposition, gross erosion, and net change in sequential 250 m swaths of the park reach of White 
River, 2008–2015. Gray dashed lines indicate 95% limits of detection. (D) Downstream cumulative sum of net change and 95% confidence 
intervals, 2008–2015. Brackets in C and D indicate extents of topography shown in B, G, and H. (E) Gross deposition, gross erosion, and 
net change in sequential 250 m swaths of the park reach of White River, 2015–2017 interval. (F) Downstream cumulative sum of net change 
and 95% confidence intervals, 2015–2017 interval. (G–H) Example DEM of difference in the White River for 2008–2015 (G) and 2015–2017 
(H). Inset in upper right shows analysis locations as described in Figure 4 caption. Vkm—valley kilometer.
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then consistently erosional from Vkm 22 to the 
start of the fan reach. Over both 2004–2011 
and 2011–2016 periods, erosion in the canyon 
reach was primarily associated with erosion of 
low banks and an overall lowering of the active 
channel, with relatively minor volumetric con-

tribution from the tall bluffs bounding the reach 
(Figs. 8A and 8B).

Over both 2004–2011 and 2011–2016, the 
fan reach experienced pervasive net deposi-
tion 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 were simi-
lar to the  bed-load flux at the boundary of these 
two reaches, as independently estimated from 
a measurement-based rating curve (Figs. 8D 
and 8F; Czuba et  al., 2012a). Coupled with 

A

B

C D

E

G

F

Figure 6. Topographic change in the upper reach of the White River. Figure has same layout 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. Vkm—valley kilometer.
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the expectation that gravel flux out the down-
stream end of the fan reach is essentially zero, 
these results present a relatively complete and 
closed bed material budget; sediment depos-
ited 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 downstream. Given 
the uncertainty in the elements of this local 
sediment budget, and the fact that ∼20% of 
total erosion from 2004 to 2011  represented 

the remobilization of material recently passed 
through Mud Mountain Dam and so a delayed 
delivery of material from upstream, we do not 
believe that the upstream flux is truly zero. 
However, these results do imply that net ero-
sion of the lower canyon reach was a consistent 
and substantial source of the coarse sediment 
 accumulated in the fan reach over the 2004–
2016 period of record.

Evidence in the landscape suggests that 
recent incision in the lower canyon reach is 

part of a longer trend. Most notably, channel 
braid patterns seen in 1940s aerial photog-
raphy remain clearly visible in 2016 LiDAR 
data but now sit perched ∼4 m above the con-
temporary channel, indicating a substantial 
net incision over the past 75 yr (Fig. 9). The 
presence of a long-term incisional trend is 
corroborated by repeat cross sections extend-
ing back to the 1970s (Czuba et  al., 2010; 
Herrera Environmental Consultants, 2010), 
which show relatively consistent  incision in 
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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 Mud Mountain Dam 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 Mud Mountain Dam impoundment area; analysis only covers lower half of impoundment area (Fig. S3; see text footnote 1). (C) Stage-
discharge residuals at U.S. Geological Survey (USGS) gage 12098500, located 2 km downstream of the Mud Mountain Dam outlet (Fig. S3). 
Residuals at the time of the 2004 and 2011 light detection and ranging (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 Figure S4 (see text footnote 1).
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the lowermost extents of the canyon reach; 
river  engineers from the 1930s documented 
substantial and persistent erosion in those 

same reaches (Herrera Environmental Con-
sultants, 2010). Together, these results sug-
gest that the lower canyon reach has been 

incising at least since the 1930s, with a 
total lowering at its downstream end of at 
least 4 m.

A

B

C D

E F

Figure 8. Topographic change in the canyon and fan reaches of the White River. Figure layout is the same as 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. Uncer-
tainty in the morphologic flux estimate is identical to uncertainty around downstream cumulative net change and was omitted for clarity. 
Red points are bed-load fluxes estimated from the measurement-based bed-load rating curve of Czuba et al. (2012b) at U.S. Geological 
Survey (USGS) stream gage 12100490. MMD—Mud Mountain Dam; Vkm—valley kilometer.
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White and Puyallup River Profiles from 1907

Detailed surveys of the lower White, Puyal-
lup, and Duwamish River valleys were com-
pleted in 1907, immediately after the 1906 avul-
sion. Those surveys show that the postavulsion 
profile of the White River dropped off steeply 
immediately downstream of the avulsion node 
(Fig.  10; note this figure plots distance along 
the 2011 channel centerline (river kilometer, 
or Rkm) in order to preserve channel slopes; 
equivalent Vkm distances are given along top 
axis); the new channel slope was ∼40% steeper 
than either the channel upstream or the aban-
doned 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 River.

Nearly the entire extents of the lower White 
and Puyallup Rivers were 2–5 m lower in 2011 
than they were in 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 the White 
River through the Stuck River valley is inter-
preted 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, and 
the White River fan shows has a distinct north-
west alignment and relatively underdeveloped 
southwest flank (Fig.  10B). Concurrent with 
the formation of the White River fan, Puyallup 
River sediment deposits created a broad berm 
at the southern edge of the Stuck River val-
ley (Fig. 10B). The 1906 avulsion then moved 
the White River off its reasonably graded, if 
perched, position along the primary north-
west axis of the fan (pre-1906 profile) to the 
steep, underdeveloped southwest side of the 
fan (Rkm 10–13 of the 1907 profile) and into 
the  low-gradient backwater of the Stuck River 
valley (Rkm 0–10). Contrary to the notion that 

the White River has likely switched outlets fre-
quently over the late Holocene, this interpreta-
tion implies that the 1906 avulsion represents 
the culmination of filling in the Duwamish 
Valley to a point where a switch to the south 
was topographically possible and energetically 
preferred.

Net lowering of the Puyallup and White 
Rivers since 1907 can largely be attributed to 
direct human modification (Herrera Environ-
mental Consultants, 2010). Net incision of the 
Puyallup River is likely the channel response 
to significant straightening (Fig.  10B); the 
magnitude of incision tapers downstream such 
that the shortened modern channel has reob-
tained its premodification slope. This incision 
was largely accomplished by the 1930s, and 
the lower Puyallup River has been stable or 
weakly aggrading since that time (Fig. S5; see 
footnote 1).

Downstream of the avulsion node, much of 
the lowering of the White River is attributable 
to dredging, although channelization and the 

A

C D

B

Figure 9. Evidence for incision in the White River immediately upstream of the 1906 avulsion node. (A) Aerial imagery of the White River 
in 1940. (B) Aerial imagery of the White River in 2009. (C) Height above 2016 water surface, based on 2016 light detection and ranging 
(LiDAR) data. Active channels present in 1940 imagery are clearly visible in 2016 LiDAR imagery. 1906 avulsion node is at lower left of im-
age; pre-avulsion Stuck River channels run along bottom. (D) Cross sections of the White River valley, plotted as height above 2016 water 
surface. Locations of cross sections are shown in A–C. Vkm—valley kilometer.
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downstream drop in base level on the Puyallup 
may have also contributed (Herrera Environ-
mental Consultants, 2010). Gage record near 
Rkm 8 (Vkm 6) indicate that the channel in 
1940 was 4 m lower than in 1907 (Fig. 10A), 
despite the well-documented tendency for sedi-
ment to accumulate in this reach. This provides 
a rough measure of the amount of net lower-
ing that occurred during early 20th-century 
dredging.

Upstream of the avulsion node, dredging of 
the White River has been limited (Herrera Envi-
ronmental Consultants, 2010). Incision in that 

upstream reach is then primarily attributed to the 
channel response to the drop in downstream base 
level, initially associated with profile changes 
during the 1906 avulsion and later augmented 
by dredging. The persistent incision previously 
noted in the lower canyon reach over much of the 
twentieth century (Figs. 8 and 9) is then inter-
preted as the upstream migration of the knick-
point associated with this change in base level 
(Begin et al., 1981; Schumm, 1993).

The lower canyon reach is underlain by a 
downstream-tapering wedge of post–Osceola 
Mudflow depositional products up to 30 m thick 

(Dragovich et al., 1994), implying that a switch 
from incision to aggradation must have occurred 
over the post-Osceola period (i.e., the complex 
response discussed by Schumm and Parker, 
1973). Post-1906 incision then represents a reju-
venation of downcutting, and not a  continuation 
or acceleration of persistent late Holocene stor-
age trends.

If the extent of 2011–2016 erosion (Vkm 22) 
is taken as the upstream extent of that knick zone, 
the average knickpoint propagation rate would be 
110 m/yr over the 110 yr since 1906. The total 
volume of knickpoint erosion can be roughly 

A

B

Figure 10. Longitudinal profiles of the fan reach of the White River and Puyallup River based on 1907 channel surveys and 2011 light detec-
tion and ranging (LiDAR) data. (A) Water surface (WS) elevation profiles, plotted against distance along the 2011 river centerline. Equiva-
lent distances along the valley centerline used elsewhere in the study are given along top axis. Water surface profiles for 1907 were based on 
available 1907 water surface and thalweg data points. Water surface elevations at river kilometers −6 and 8 were based on U.S. Geological 
Survey (USGS) gage data at gages 12101500 (Fig. S5; see text footnote 1) and 12100500 (Fig. 3C), respectively. Water surface elevation at 
river kilometer 14 was based on elevation of abandoned channels (Fig. 9). (B) Topography of the White River fan, Stuck River valley, and 
adjacent Puyallup and Duwamish valleys. Planform positions of the Puyallup River in 1907 (blue line) and 2011 (red line) indicate extent of 
straightening. NAVD88—North American Vertical Datum of 1988.
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conceptualized as an upstream-tapering wedge 
of material, with a downstream thickness of 4 m 
(Fig. 9) and a planform area of ∼2,500,000 m2 
(the recent active channel area in the lower canyon 
reach; Table 3); this equates to a total volume of 
∼5,000,000 m3, equivalent to an average of 45,000 
m3/yr from 1907 to 2016. Taking this crude esti-
mate to imply that average knickpoint erosion 
has likely been on the order of 10,000–100,000 
m3/yr, and given recent bed material fluxes of 
∼16,000 ± 6500 m3/yr, knickpoint-related erosion 
seems to be sufficiently large to have supplied a 
large fraction of the total coarse sediment flux 
reaching the fan over the past century.

DISCUSSION

Integrated Summary of Coarse Sediment 
Dynamics in the White River

We set out to better understand the contem-
porary sources and routing of coarse sediment 
in the White River watershed, motivated by con-
cerns about how short-term climate change may 
impact coarse sediment fluxes in the lower river. 
We found that erosion of the lower canyon reach, 
and not glaciated terrain on Mount Rainier, has 
been the dominant contemporary source of 
gravel deposited in the fan reach (Figs. 8 and 11). 

Persistent erosion in the lower watershed was 
further identified as an ongoing river response to 
a substantial drop in local base level triggered by 
the 1906 avulsion and augmented by subsequent 
dredging of the new channel alignment in the 
early twentieth century (Figs. 9 and 10).

The 1906 avulsion and geometry of the Stuck 
River valley (Fig. 10) are products of complex 
river occupation patterns over the late Holocene, 
as well as the overall conditioning of the lower 
watershed by continental glaciation. The 1906 
valley profile reflects the fact that the pre-1906 
Stuck River valley experienced relatively lim-
ited sediment delivery over the post–Osceola 

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 gray wedges. Upper-right panel summarizes the sequence of river profile changes in the fan and lower canyon reaches over the historic 
period. MMD—Mud Mountain Dam.
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Mudflow period, while the (pre-1906) White 
and Puyallup Rivers continued to fill their own 
respective valleys. Over the late Holocene, the 
Stuck River valley then became a low feature in 
the landscape, bounded by the relatively higher 
White River fan to the north and Puyallup River 
deposits to the south. Chronic deposition in the 
Stuck River valley following the 1906 avulsion 
reflects the work of the White River to fill and 
grade that bounded, low valley and build out the 
relatively less-developed southwest flank of the 
fan. Recent sediment accumulations in the Stuck 
River valley are part of the larger process of fill-
ing in the Stuck/Duwamish glacial trough, a pro-
cess substantially accelerated by the rerouting of 
the White River and the incision of the canyon 
reach in the aftermath of the Osceola Mudflow. 
That trough, the sediments eroded out of the 
canyon reach, and the low drainage divides that 
allowed outlet-changing avulsions to occur are 
all products of the sculpting of the Puget Low-
lands by continental glaciation. 

Although the 1906 avulsion and the valley 
geometries at that time were essentially natural, 
the vertical adjustments of the White River fol-
lowing that avulsion have been strongly influ-
enced by human management. Initial dredging 
of the new course of the White River in the 1910s 
decreased the already lowered local base level 
by at least several meters, and continued mainte-
nance dredging through the 1980s prevented that 
base level from rebounding upwards despite per-
sistent sediment deposition (Fig. 10). Although 
it is reasonable to presume that the 1906 avul-
sion alone would have triggered some amount 
of upstream incision, the artificial lowering and 
maintenance of the channel profile through the 
fan reach have 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 reach.

Conversely, the construction of a narrow, lev-
eed channel through the Stuck River valley has 
likely increased the throughput of sand and silt 
that might otherwise have collected in the low-
gradient reaches downstream of Vkm 8; Chit-
tenden’s survey sheets from 1907 indicate that, 
prior to construction of that confined channel, 
this part of the valley was covered in standing 
water and filling with sand during modest win-
ter flows. The confinement of flow through this 
low-gradient reach has then likely slowed, or 
effectively stopped, valley-scale fine sediment 
deposition across what would have likely been 
a quasi-deltaic environment.

The importance of the lower canyon reach 
as a source of bed material implies that the 
coarse sediment delivery passing through Mud 
Mountain Dam has been, relatively speaking, 

modest. Importantly, this does not appear to be 
a function of coarse sediment trapping behind 
Mud Mountain Dam (Fig. 7); over the past sev-
eral decades, the dam impoundment area has 
most likely been acting as a transport reach for 
coarse sediment and, given ongoing erosion in 
the impoundment area, potentially as a net sedi-
ment source (Fig. S3). The modest amount of 
coarse material passing Mud Mountain Dam is 
then taken to indicate that the natural delivery 
to Mud Mountain Dam from the unregulated 
watershed upstream is similarly modest. This 
is consistent with crude estimates of bed-load 
flux based on Nelson’s (1979) measurements, 
which suggest that bed-load delivery to Mud 
Mountain Dam (7500 ± 1500 m3/yr) was about 
half the flux near the fan reach (16,000 ± 6500 
m3/yr) from 2011 to 2018. However, substan-
tial erosion in the lower half of the upper reach 
implies 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 from 
2011 to 2016 (Fig.  11) and potentially much 
higher, presenting a somewhat dissonant view 
of those upstream fluxes.

In the glaciated headwater, the transfer of 
coarse material from proglacial source areas to 
downstream river systems was dominated by 
erosion from the Winthrop Glacier headwaters 
during the exceptional 2006 storm. No similarly 
large pulses were observed in the Emmons pro-
glacial area over our period of record, though 
a well-documented 1963 rockfall (Crandell and 
Fahnestock, 1964) provides a historical example 
of such pulses occurring. Outside of the 2006 
event in the Winthrop proglacial area, we were 
unable to detect any substantial coarse sediment 
export from either basin. Our results then suggest 
that coarse sediment export from the proglacial 
areas occurs primarily in episodic pulses with 
at least multidecadal return intervals. Although 
the period of record here is somewhat short—38 
years for the Winthrop proglacial area and only 
12 for the Emmons proglacial area—this infer-
ence is consistent with findings in similar alpine 
headwater settings (i.e., Micheletti and Lane, 
2016; Lane et al., 2017).

Over the 2008–2017 period, the primary 
source of bed material flux carried by the upper 
White and West Fork White Rivers appears to 
have been erosion of sediment stored in the val-
ley floor. Over this period, the combined bed 
material flux from the uppermost White River 
(Vkm 103) and West Fork White River is then 
reasonably constrained at 30,000 ± 11,500 m3/
yr, with the West Fork White River supplying 
almost all that total (Fig. 11). However, this aver-
age reflects disturbed conditions in the aftermath 
of the 2006 storm but does not include the pre-
sumably large fluxes carried by the 2006 event 

itself. It is then unclear how the 2008–2017 
export rates compare to longer-term averages.

Ultimately, while the importance of the can-
yon reach as a source of coarse sediment and 
the underlying base-level controls on lower-
river profile adjustments are supported by mul-
tiple lines of evidence, our understanding of 
the coarse sediment fluxes and dynamics in the 
full upper watershed remains more limited. In 
particular, our results place relatively little con-
straints on the typical bed material fluxes and 
the presence or absence of any long-term storage 
trends through the lower park and upper reaches. 
Coupled with the uncertainty about long-term 
average rates of sediment export from the upper 
park and west fork white reaches, and the two 
somewhat dissonant estimates of bed material 
fluxes immediately upstream of Mud Mountain 
Dam, the dynamics linking sediment export 
from the proglacial river systems to coarse sedi-
ment delivery into Mud Mountain Dam remain 
fuzzy. Improving this understanding and, in par-
ticular, obtaining an improved estimate of bed 
material fluxes entering Mud Mountain Dam 
would be a useful check on the interpretations 
presented here. Given the relatively long trans-
port distances of interest and potentially friable 
volcanic lithologies, understanding the role of 
attrition will likely be important for a full under-
standing of the coarse sediment dynamics in the 
upper watershed and beyond (Attal and Lavé, 
2009; O’Connor et al., 2014).

Climate Impacts on Lower-River Sediment 
Flux and Management of the White River 
Fan

Over management-relevant time periods of 
decades, variations in the rate of coarse sedi-
ment delivery from headwaters on Mount Rain-
ier, climate-driven or otherwise, seem unlikely 
to substantially impact the coarse sediment flux 
near the fan reach. This is most directly because, 
over these time scales, coarse sediment delivery 
from the upper watershed makes up only a mod-
est fraction of the total downstream sediment 
load. Punctuated delivery from proglacial set-
tings may also be strongly modulated by storage 
dynamics in the upper watershed, with material 
from large proglacial pulses primarily going into 
storage to be meted out somewhat more steadily 
(i.e., Fig. 4).

Although any climate-driven increase in flood 
activity would presumably tend to increase sedi-
ment fluxes through the upper watershed, flood 
hydrology in the lower watershed is largely dic-
tated by Mud Mountain Dam. Since transport 
capacity is a non-linear function of discharge, 
the tendency of the dam to truncate flood peaks, 
particularly since 2009 (Fig. 3), has likely had a 
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substantial impact of the integrated shear stress 
available to erode and transport bed material 
downstream. Although climate trends would 
impact the water inflow to Mud Mountain Dam, 
the operational strategy of that dam is likely to be 
a larger and more direct control on bed material 
transport through the Canyon and Fan Reaches.

Ultimately, while forecasted climate trends 
generally seem more likely to increase coarse 
sediment transport in the watershed than 
decrease it, we believe it unlikely that forecasted 
climate change over the coming decades would 
result in a substantial increase in coarse sediment 
delivery to the fan reach. This inferred insensi-
tivity is attributed to the fact that flow regulation, 
ongoing responses to prior major geomorphic 
disturbances, and the internal dynamics of stor-
age transfers are, in combination, likely to over-
print and/or shred (Jerolmack and Paola, 2010) 
coarse sediment signals related to short-term 
climate variability.

We suggest that management concerns in the 
lower White River may be more geologic than 
climatic; the underlying disequilibrium of the 
Stuck River valley implies that aggradation is 
likely to be a persistent problem for the foresee-
able future, regardless of short-term variations 
in the aggradation rate. Though some of this 
disequilibrium is attributable to early twentieth-
century dredging, and so is limited to the width 
of the dredged active channel, the entire valley 
floor remains low relative to likely equilibrium 
conditions. Bed-load transport modeling (fig. 50 
in Czuba et al., 2012a) and comparisons of the 
pre-avulsion and 2011 profiles (Fig. 9) both sug-
gest that much of the fan reach remains 3 to 8 m 
below a quasi-equilibrium profile, indicating the 
scale of fill that would likely occur under natural 
conditions.

Recognition of this valley-scale disequilib-
rium will be important when assessing the cost-
effectiveness of efforts to increase floodplain 
connectivity and reduce confinement, since 
aggradation may rapidly fill in newly opened 
accommodation space. This would be particu-
larly relevant if newly accessible low-energy 
environments began to trap the large volumes 
of suspended sand and silt that have historically 
passed the confined fan reach.

White River Dynamics as a Paraglacial 
Response

The Holocene history of the White River 
is inherently related to the conditioning of the 
lower watershed by continental glaciation, and 
the complex dynamics in the lower White River 
can reasonably be seen as part of the ongoing 
paraglacial response of regional rivers (Collins 
and Montgomery, 2011). More specifically, 

dynamics in the lower White River provide an 
example of Ballantyne’s (2002a, 2002b) model 
of an episodically rejuvenated paraglacial sedi-
ment response. The notion of episodically rejuve-
nated or extended paraglacial response as a result 
of changing base level has been part of the para-
glacial literature back to Ryder’s (1971) work 
on dissected alluvial fans, and extreme storms, 
climatic change, anthropogenic modification, 
and volcanic activity have all been identified 
as potential triggers of rejuvenated paraglacial 
responses in fluvial systems (Jordan and Slay-
maker, 1991; Ballantyne, 2002a). Observations 
in the White River indicate that major avulsions, 
and ensuing periods of channel adjustment, pro-
vide another mechanism for such rejuvenation.

Such avulsions are not limited to the White 
River; similar events have occurred in many 
of the major rivers draining through the Puget 
Lowlands (Ford, 1959; Pittman et  al., 2003), 
and drainage divides between major rivers low 
enough to be crossed during floods continue to 
cause problems in the region today. The subtle 
drainage divides that make these basin-reorganiz-
ing avulsions possible are a product of the low-
relief landscapes left in the wake of the retreat 
of continental glaciers; while Ballantyne (2002a) 
presented paraglacial rejuvenation as a product 
of primarily extrinsic factors, these avulsions can 
reasonably be considered as an intrinsic element 
of the regional paraglacial response. In this sense, 
these avulsions are similar to river piracy events 
associated with glacier retreat (i.e., Shugar et al., 
2017); both result in substantial modifications 
to the water and sediment fluxes across multiple 
basins, both may occur as part of relatively steady 
processes (glacier retreat or fluvial reworking of 
glacial sediment) unrelated to external forcing, 
and both are ultimately a product of the unstable 
nature of the fluvial network left in the wake of 
landscape-scale glacier retreat.

The impoundment of trunk streams by para-
glacial alluvial fans provides another mecha-
nism for introducing complexity in a paraglacial 
response, as sediment export out of the trunk 
stream becomes governed by the interplay 
between fan growth or decay and the modifica-
tion of that fan by the trunk stream itself (Fath 
et  al., 2018; Brardinoni et  al., 2018). While 
mechanistically distinct, these dynamics are 
again intrinsic to the paraglacial response, aris-
ing out of the complex interaction between land-
scape elements.

The consideration of these dynamics suggests 
that, while the conceptual model of a relatively 
smooth paraglacial response appears to work well 
for higher-order streams feeding alluvial fans (i.e., 
Brardinoni et al., 2018), periodic rejuvenations (or 
drops) in sediment delivery may be inherent to 
the paraglacial response of larger watersheds like 

the White River, arising purely as a result of the 
internal complexity in the sediment cascade and 
the presence of stochastic and/or threshold-depen-
dent processes. This dovetails with the increasing 
appreciation of autogenic processes in modulat-
ing sediment delivery to deposition centers (i.e., 
Paola, 2016). Given that paraglacial condition still 
define large swathes of the globe, and that stores 
of glacial and paraglacial sediment are likely to 
persist through the duration of the current inter-
glacial period (Brardinoni and Hassan, 2006), we 
echo Shugar et al. (2018) and Fath et al. (2018) 
in noting that paraglacial conditioning may result 
in complex and potentially abrupt shifts in water 
or sediment fluxes at the watershed scale; rec-
ognizing where such threshold-type events have 
occurred, or may occur, will be important of 
understanding current landscape states as well as 
the potential for future change.

While the underlying landscape of the lower 
White River was formed through continental 
glaciation, volcanic processes on Mount Rainier 
have obviously had first-order impacts on the 
river over the postglacial period. This places the 
White River within the body of literature related 
to paraglacial landscapes impacted by Quater-
nary volcanism, a relatively common overlap 
along the western margin of North America 
(Jordan and Slaymaker, 1991; Friele and Clague, 
2009). Although Friele and Clague (2009) dif-
ferentiated the southern Cascade stratovolca-
noes, which includes Mount Rainier, from those 
farther north based on the higher degree of ice-
contact volcanism in the latter, the episodic mas-
sive pulses of volcanic sediment and generally 
high rates of Holocene sediment delivery that 
they discuss seem readily applicable to Mount 
Rainier and the White River. 

Contemporary Proglacial Sediment 
Dynamics

Concerns about changing sediment delivery 
from proglacial areas on Mount Rainier have 
generally been grounded in the concept of a para-
glacial response, although this is compounded 
by potential changes in rainfall frequency/inten-
sity. Although our period of record is too short to 
directly observe such trends in sediment export, 
the dynamics we did observe suggest that, over 
decadal time scales, relationships between pro-
glacial coarse sediment export and climate or 
glacier extent on Mount Rainier are unlikely to 
be simple or consistent. This arises for two rea-
sons. First, persistent deposition in the Emmons 
proglacial area underscores that, while glacier 
retreat may expose unconsolidated sediment, 
that same retreat may also open low-gradient 
extents of the valley floor that trap sediment 
delivered from further up valley. As has been 
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widely recognized elsewhere, the timing and 
magnitude of the sediment response to glacier 
retreat will depend on the geometry and connec-
tivity of the newly exposed landscape (i.e., Tun-
nicliffe and Church, 2011; Cavalli et al., 2013; 
Hoffmann et al., 2013; Messenzehl et al., 2014).

Second, coarse sediment export appears to 
be dominated by infrequent large pulses, with 
relatively little export occurring during typical 
years. This implies that thresholds for motion 
are relatively high, and that coarse sediment 
export is then likely to be stochastic over decadal 
time scales. While changes in climate or glacier 
extent may influence the underlying probability 
of large pulses occurring, individual basins may 
exhibit substantial variability simply due to the 
random nature of those rare events. Systematic 
responses to climate or glacier change may then 
only become apparent when integrated over long 
time scales or across large spatial scales.

Ultimately, our observations are consistent 
with prior studies stressing that, while glacier 
retreat may increase the exposure of mobile 
sediment, landscape connectivity and often-high 
thresholds of motion are first-order controls on 
how that exposed sediment is delivered to down-
stream river systems, particularly over geologi-
cally short time periods (Cavalli et  al., 2013; 
Micheletti and Lane, 2016; Lane et al., 2017; 
Wohl et al., 2019).

Longitudinally Consistent Erosion Rates

Multiple reaches in the White River watershed 
experienced consistent rates of storage gain or 
loss over stretches of many valley kilometers, 
apparent in the relatively consistent linear trends 
in plots of downstream cumulative net change. 
These trends were most apparent in reaches with 
identifiable disequilibrium conditions (West Fork 
White River, lower canyon, fan reaches; Figs. 4 
and 7), but they appeared throughout the study 
area. Assuming that geomorphic change down 
each of these segments involved exchanges of a 
bed material with similar grain-size distributions, 
these trends imply that bed material fluxes were 
steadily increasing or decreasing along the lengths 
of these same reaches. 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; Gartner et al., 2015; Sholtes et al., 
2018), suggesting that these observations are not 
unique to the White River. Although uniform sys-
tematic errors in DoDs can create similar longi-
tudinal consistency, the magnitudes of measured 
change and good correspondence between mea-
sured change and expectations from watershed 
context or estimated stream power argue against 
that explanation in the cited studies.

While bed-load or bed material fluxes are 
often conceptualized as progressively accumu-
lating from tributary sources, these observations 
highlight that storage dynamics may have as 
large, if not larger, control on spatial variations 
in bed-load or bed material fluxes over multi-
decadal timescales, such that fluxes may vary 
substantially (here, by essentially 100%) along 
relatively homogeneous valley reaches. The fact 
that the rate of storage gain or loss (or, equiva-
lently, rates of bed material flux increase or 
decrease) tended to be steady over long reaches 
is intriguing, as it suggests the possibility of an 
energetic constraint on the spatial rate of change 
in the flux; however, more corroborating obser-
vations would be needed before this result was 
considered anything more than a local curiosity 
or a visual artifact of the smoothing associated 
with cumulatively summed values.

Landscape History, Storage Dynamics, and 
River Sensitivity to Disturbance

Cutting across the varied dynamics we 
observed in the White River, there are two 
common themes: the central role of sediment 
storage and the conditioning of contemporary 
river form and process by past disturbance. In 
the White River, these two themes are often 
intertwined; much of the bed material flux 
carried by annual floods appears to be derived 
from erosion of existing valley-floor storage, 
while the original emplacement of valley-scale 
sediment deposits and the locations of persis-
tent storage gains or losses are often a function 
of the major geomorphic events over the past 
102–104 yr. Specifically, the introduction of bed 
material into the fluvial system appears to be 
dominated by glacial processes or infrequent 
volcanic events and extreme storms, while the 
spatial patterns of storage redistribution are dic-
tated by both the resulting geometry of those 
deposits as well as episodic changes in base 
level. Contemporary patterns of channel change 
and sediment flux are then largely functions of 
landscape history, independent of (nonextreme) 
contemporaneous headwater processes or the 
detailed sequencing of floods. This does not 
imply that the current state of the White River 
was predictable or foreordained, as many of the 
relevant geomorphic events are inherently sto-
chastic, both in terms of their occurrence and 
their outcomes.

These themes are by no means novel; the 
intertwined roles of landscape history and sedi-
ment storage are the essence of a paraglacial 
response (Church and Slaymaker, 1989), and 
our observations in the White River add to the 
large body of research highlighting the obser-
vations that, in both paraglacial and non-para-

glacial landscapes, storage exchanges are often 
central to understanding how sediment is moved 
through watersheds over periods of years to mil-
lennia (i.e., 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 extrafluvial events in the watershed history 
(i.e., Church and Slaymaker, 1989; Walter and 
Merritts, 2008; Madej and Ozaki, 2009; James, 
2010; Milan, 2012; Joyce et al., 2018; Tunni-
cliffe et al., 2018).

In the White River, the sequence of watershed 
disturbances over the Holocene explains much of 
the contemporary river dynamics and, by exten-
sion, strongly influence if and how the river is 
likely to respond to future disturbance. That land-
scape history is necessarily unique to the White 
River, but this uniqueness is, in a sense, common; 
as has been eloquently argued elsewhere (Simp-
son, 1963; Schumm, 1991; Lane and Richards, 
1998; Phillips, 2007; Church, 2013; Brierley 
et al., 2013; Phillips, 2017), landscapes are nec-
essarily contingent on past and place. While phys-
ics applies everywhere and commonalities will 
undoubtedly arise, history and contingency are 
still likely to result in disparate watershed states, 
and so disparate sensitivities to disturbance, across 
nominally similar systems. We then reiterate that 
understanding local geologic, geomorphic, and 
historic frameworks, encompassing natural and 
human watershed disturbances and persistent 
storage trends over >102 yr time scales, will often 
be central to understanding how rivers and water-
sheds are likely to respond to disturbance (Walter 
and Merritts, 2008; Fryirs, 2013; Pizzuto et al., 
2017; Collins at al., 2019; Wohl, 2019).

The ever-growing utilization of repeat high-
resolution topography, particularly over long 
reach to watershed scales, seems a natural tool 
in this context. These datasets provide mea-
sures of both river state and prior change from 
patch to valley scales within a single consistent 
framework, and are naturally suited to quanti-
fying storage trends and assessing the impact 
of contemporary extreme events. This ability 
to link form and change across a wide range 
of spatial scales, and particularly for high-
intensity events, provides a natural bridge for 
better understanding how local grain-size and 
hydraulic processes integrate into valley-scale 
patterns of storage exchange, or, inversely, how 
valley-scale storage trends manifest in reach-
scale form and function.

CONCLUSION

We set out to better understand the contem-
porary delivery and routing of coarse sediment 
in the White River, a large glaciated watershed. 
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This work was motivated by concerns about the 
potential for short-term changes in climate to 
impact coarse sediment delivery to an alluvial 
fan in the lower watershed. Our results point to 
persistent erosion of valley floor deposits in the 
lower watershed as the primary source of bed 
material deposited in the fan over the past cen-
tury. Erosion in the lower Canyon Reach and 
deposition in the Fan Reach were further iden-
tified as on-going channel profile adjustments 
triggered by a major 1906 avulsion across the 
White River Fan. While the initial disequilib-
rium in the post-avulsion river profile is attrib-
utable to the watershed history of continental 
glaciation, a major lahar, and changing river val-
ley occupations over the Holocene, that disequi-
librium was augmented by substantial dredging 
of the Fan Reach over much of the 20th century. 
Somewhat unexpectedly, our results imply that 
the unregulated upper watershed provides a rela-
tively small fraction of the contemporary coarse 
sediment load. We suggest that this landscape 
template, coupled with flow modification from 
Mud Mountain Dam, make coarse sediment 
fluxes in the lower watershed relatively insen-
sitive to short-term climate impacts; ultimately, 
aggradation in the lower White River seems 
more a function of geology and human manage-
ment than climate.

More generally, we find that contempo-
rary coarse sediment dynamics throughout the 
watershed tend to reflect the impact of extreme 
or extrafluvial events operating over 102-104 
year timescales. The contemporary expression 
of these events is typically felt in their influence 
on valley-scale storage dynamics. Specifically, 
major watershed events appear to introduce 
much of the coarse sediment stored in the allu-
vial system (glaciation, volcanism, or extreme 
storms) or influence the redistribution of that 
sediment (here, base-level change related to 
avulsions). Year-to-year flood events appear to 
primarily remobilize and redistribute existing 
stored sediment. Our results underscore that the 
contemporary state of a given river system, and, 
by extension, the likely response of that river to 
a given disturbance, will often be dependent on 
local and potentially idiosyncratic geographic, 
geologic, and historic factors intertwined with 
valley-scale storage dynamics.
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